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PREFACE 


The heart of a course in plant physiology is the 
laboratory. This manual reflects our efforts, over the 
past several years, to make this belief more and 
more of a working reality. 

The nature and extent of the laboratory work in 
this manual reflect the course we teach. The students 
attend two fifty-minute lectures and two three-hour 
laboratory periods each week for fifteen weeks. One 
or two laboratory periods and a few lecture periods 
each semester are devoted to examinations or are 
lost as holidays. The enrollment has varied from 
twenty to over two hundred (during the postwar 
peak). Since 1950, laboratory sections have not been 
allowed to exceed sixteen students at work in the 
1 v at any one time. The class consists of 

approximately 50 percent majors in forestry, 30 per¬ 
cent majors in agriculture (particularly soils, plant 
science, and plant pathology), and 20 percent ma¬ 
jors in botany, zoology, and the life-sciences teach¬ 
ing curriculum. The course prerequisites are general 
botany, general inorganic chemistry, and lectures in 
organic chemistry. During recent years we have used- 
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as texts, in alternate semesters. Principles of Plant 
Physiology by James Bonner and Arthur W. Galston 
and the revised edition of Plant Physiology by B. S. 
Meyer and D. B. Anderson. The unique features of 
the present manual were evolved as solutions of the 
particular problems that faced us—problems that 
were not met satisfactorily by any published labora¬ 
tory manual. 

There are several innovations that we submit for 
your appraisal. First, we have attempted to reflect 
the increasing importance of plant development and 
cellular metabolism in the study of plant physiology 
without sacrificing the fundamental aspects of the 
important fields of water relations and mineral nu¬ 
trition. Our sequential arrangement of these four 
major divisions of plant physiology has been dic¬ 
tated by both pedagogical and practical considera¬ 
tions. We begin with plant development because the 
experiments plunge the students immediately into 
the growing of plants and the observation of macro- 



scopic, sometimes almost dramatic, plant responses. 
In proceeding to the subject of mineral nutrition and 
then to water relations, the student continues to 
observe the plant and its behavior on a visual level, 
but in his performance and interpretation of the ex¬ 
periments he becomes increasingly dependent upon 
physical and chemical facts and theories. By this 
time he recognizes, or at least should recognize, that 
cellular metabolism is the critical area of study that 
bridges the gap between consideration of the inor¬ 
ganic raw materials of which a plant is made and 
comprehension of the plant itself with all its subtle¬ 
ties of growth and development. We have placed 
photosynthesis last because we have found that the 
study of this process is more meaningful when pre¬ 
ceded by a study of the principles of cellular chem¬ 
istry and because we believe it is fitting to close with 
a uniquely plant-physiological subject that is dra¬ 
matic and especially significant, one in which future 
discoveries are likely to have effects far beyond plant 
physiology or even beyond science in general. From 
a practical point of view, this sequence makes it 
possible to start the long-term growth and nutri¬ 
tional experiments (requiring up to four weeks) 
early and to reserve the short-term metabolism ex¬ 
periments (usually completed in one or two labora¬ 
tory' periods) for the last third of the course, which 
in the fall term is interrupted by the Christmas vaca¬ 
tion and in the spring term by the spring vacation. 
Although this is the order we prefer, the experi- 
ments can be done in a variety of sequences to suit 
the individual instructor. 


second feature ot this manual is the maximum 
use of quantitative measurements and, wherever 
possible, the evaluation of unknowns. The latter 
procedure, particularly, lends a flavor of original re¬ 
search to the laboratory work, and both approaches 

require the student to know what he is doing and 
to do it carefully. & 

Experimental results and the answers to questions 
designed to evoke interpretations of the data are 
submitted in a separate report for each experiment. 
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Report sheets are provided as perforated tear sheets 
at the end of the manual. The uniform reporting of 
the experimental work has permitted rapid but care¬ 
ful grading by the instructor. We have found that 
the most effective use of the report sheet requires 
its submission to the instructor one week after the 
completion of the experiment in the laboratory. It 
is corrected and graded and returned the following 
week to be incorporated into the permanent note¬ 
book of the student. 

A third innovation is the introduction of explana¬ 
tory text material. Because we feel strongly that 
every experiment done by the students should be 
clearly related to the basic principles of plant physi¬ 
ology, we have introduced each experiment with a 
brief statement of the pertinent facts and principles 
in order to establish the desired plane of reference. 
Wherever possible, we have introduced brief dis¬ 
cussions of practical applications of these basic prin¬ 
ciples—in agriculture, in industry, and in everyday 
life—in order to make clear the relevancy of the 
laboratory work to the individual student and his 
own experience. Because some experiments are too 
complex and some take too much time, it is neither 
possible nor desirable to include experiments on 
every phase of plant physiology. The student is ex¬ 
pected, by careful study of his textbook, to expand 
and supplement the brief discussions presented in 
this manual and thus to achieve the broad coverage 
of the field of plant physiology that this manual only 
attempts to outline. 

Considerable effort has been devoted to making 
the manual as usable and useful as possible, both as 
a laboratory manual of plant physiology for class use, 
and as a laboratory reference. 

There are three appendices. Appendix 1 provides 
the student with a brief introduction to the physical 
nature of light and photochemical reactions. Appen¬ 
dix 2, also for the student, describes the use of nu¬ 
merical analysis in experimental work and the calcu¬ 
lation of standard deviations and standard errors. 
Appendix 3, designed to help the instructor plan the 
laboratory work, lists all the plant materials, equip¬ 
ment, and reagents required for each experiment, 
specifies the successive days on which work must be 
done on each experiment, and estimates the average 
time needed for a student to do the work. We be¬ 
lieve that the information is sufficiently complete so 
that the work of an entire semester or quarter can 
be laid out in advance with all equipment and sup- 
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plies anticipated. The student also will find Appen¬ 
dix 3 useful as a source of information concerning 
reagents and the nature of laboratory supplies. 

We have checked and rechecked the experiments, 
the text, and the appendices to eliminate errors, par¬ 
ticularly in the cross-referencing of experiment num¬ 
bers, amounts of reagents, and other quantitative 
entities. It is probable that errors still exist. We shall 
be very grateful to users of this manual if they will 
bring to our attention any errors they may find so 
that we may eliminate them as soon as possible. 

A laboratory manual can never be completely 
original. The classical experiments are passed on 
from manual to manual with minor modifications. 
The new ones are adapted from published research, 
as were the classical ones originally. All the experi¬ 
ments are subjected to the ultimate test—perform¬ 
ance by the students. We are pleased to acknowl¬ 
edge our debt to our colleagues past and present, 
to the students who have taken Botany 111 on the 
Berkeley Campus of the University of California, and 
to the teaching assistants who have helped in this 
course. In particular we are pleased to express our 
thanks to the following: Peter Ray, Milton Anken, 
and Sherwin Carlquist, who as teaching assistants 
performed a particularly careful job of critical evalu¬ 
ation of the experiments in the laboratory; Alta Pray, 
Robert Marsicano, Susumu Ota, and William Hirano 
of the nonacademic staff of the Department of 
Botany at Berkeley, who cheerfully aided us in innu¬ 
merable ways during the development of this man¬ 
ual; James Bonner, George E. Briggs, Herbert B. 
Currier, Arthur W. Galston, Robert Hill, Kenneth 
V. Thimann, and Richard B. Walker, who generously 
made available to us copies of their locally mimeo¬ 
graphed manuals; Philip R. White for permission to 
adapt his instructions for culturing isolated tomato 
roots; Francis V. Ranzoni, who made pencil sketches 
for us from the original experimental materials; 
C. L. Chiang, who reviewed critically the section 
on statistics; the Marine Biological Laboratory at 
Woods Hole, Massachusetts, for permission to use 
published tables of buffers as they appear in Formu¬ 
lae and Methods, III; the publisher’s anonymous 
readers; Ralph Emerson, who critically reviewed the 
entire manuscript; Evan Gillespie, who carefully and 
imaginatively created the illustrative material; and 
our wives for being patient with us while we pre¬ 
pared this manual for press. 

L. M. and J. G. T. 


Berkeley, California, August, 1955 
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INTRODUCTION 


Facilities and Equipment 

The essential facilities for the laboratory work in 
plant physiology consist of the laboratory and the 
greenhouse. Associated with the laboratory are serv¬ 
ice rooms where plants can be grown or handled 
under special conditions such as constant tempera¬ 
ture and special illumination. The greenhouse has 
associated with it a workroom called the headhouse, 
which contains supplies and table space for prepar¬ 
ing plants before moving them into the greenhouse. 

Laboratory 

The laboratory is a chemical laboratory similar to 
those with which you are already familiar from your 
courses in chemistry. You will be assigned a locker 
) containing the routine glassware and laboratory 
equipment needed throughout the course. Items of 
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View of plant physiology laboratory bench. 

glassware provided are illustrated in Figure I. Each 
type of apparatus is illustrated in Figure II. During 
the first laboratory period check the contents of your 
locker against the equipment list provided by the 
instructor, and familiarize yourself with the various 
f types of apparatus. You will be responsible for this 
equipment throughout the course. From time to time. 


for specific experiments, additional apparatus will 
be supplied. Normally, this extra equipment will 
be used only during a single laboratory period and 
must be returned to the supply table clean and dry. 

A number of experiments will involve the use of 
special instruments such as pH meters, colorimeters, 
triple-beam and torsion balances, spectroscopes, incu¬ 
bators, ovens, and microscopes. Each instrument will 
be described, and directions for its use will be given, 
the first time it is needed. 

Greenhouse 

The standard glass-roofed greenhouse is equipped 
with tables or benches on which pots, flats, or nu¬ 
trient cultures can be placed for the growth of plants 



Corner of greenhouse with bench. 


under natura conditions of lighting. The greenhouse 
is heated and is usually equipped with temperature 
controls set for a minimum temperature. In the head- 
house are stored the pots, flats, and various kinds of 
soil and sand necessary for growing plants. Also in 


1 



Vv'a»H bottle 


"Pipettes 


600 ml 


il 





























One gallon tin can 


u 


iron ring. 


Bunfen burner 
with rubber* 




l V 


* • 


»r i.rX'- 










MttaMnM 




'. r :.«< 

.•• M«M*i ••••• 

::. ;sss::»:is: 

.. •••«•«••• •*•• 

.• ■•••••••••••• 

.«••••••••< — 

• •MM)**. «•••••• 

• •••••MllltUIIM 




•% ««•••« • 


:tf= 


;:a2r; 
(*22 

_ iflls: 
lirisHH!?!* 




* ' ■ * • .. • 

•■•fufHPMavwiinrtdUNtMMtHiMiieix 


. in'. ♦•••t 


: x 


4rtf:l 


.1 V 


l!> 


::n»: 


Uainutmttin*:^ 


Crucible 


bru«h 


support- 


(J/®» 


Burette (utility) clamp 


piacH cla 



figure II Plant physiology laboratory apparatus: accessories and implements 














































4 


INTRODUCTION 


the headhouse are the stock solutions, jars, and 
corks for making nutrient cultures, as well as miscel¬ 
laneous items required throughout the course for 
growing and maintaining plants in the greenhouse. 

Rules of Procedure 

In the Laboratory 

1. The laboratory work of the course is designed 
to give the individual student ample opportunity to 
observe directly the functioning of plants. Whenever 
feasible, experiments will be carried out completely 
by the individual student. For this individual study, 
your laboratory bench space and locker are your own 
domain during the laboratory period. You are respon¬ 
sible for their care and will be expected to leave 
them in perfect condition for the next laboratory 
period. 

2. In addition to your own bench space, you will 
be constantly using community facilities throughout 



Follow correct procedures when using instru¬ 
ments. 


the course; that is, you will share with other students 
stock solutions, reagents, instruments, and other fa¬ 
cilities of the laboratory. Here the general rules of 
common courtesy apply—leave the equipment as you 
found it, ready for the use of the next student. 
Courtesy leads to effective, efficient, and friendly 
conduct during the laboratory period by all con¬ 
cerned. 

3. In obtaining reagents, (a) never take the re¬ 
agent bottles from the supply shelves to your own 
bench; (b) at the supply table take the minimum 


amount needed for the experiment by pouring from 
the bottle or using the pipette provided with each 
reagent bottle; (c) never return excess reagents to 
the bottles; (d) use every reasonable precaution to 
keep the reagent bottles and your own sample free 
from contamination. 

4. When using balances and microscopes, follow 
the correct procedures you learned in your general 
chemistry and botany courses. If you are not sure of 
the correct procedure, ask your instructor for help. 
Instruments such as pH meters, colorimeters, and 
spectroscopes will be set up in the laboratory by the 
instructor ready for use. Do not change any adjust¬ 
ments unless so directed. If an instrument fails, notify 
the instructor; do not attempt to repair it yourself. 
Before using an instrument, always read carefully the 
directions on the instrument or in the manual. 

5. When directed to do a particular operation in 
the hood, be sure to do it there. Usually toxic or 
inflammable vapors are involved. 



Use hoods when directed to do so. 

6. When signs prohibiting all open flames are 
posted in the laboratory, be extremely careful not to 
light a burner or a cigarette. The posting of the 
signs means that inflammable vapors will be present 
in the laboratory. 

7. Put all solid waste, such as burnt matches, 
paper, seeds, plants, and soils, into the waste cans. 
Pour liquids into the sinks, always washing them 
down with copious amounts of tap water to prevent 

corrosion of the plumbing. 

8. At the close of each laboratory period, replace 

your own equipment, thoroughly washed and dried, 
in your locker, and return any accessory equipment, 
clean and dry, to the supply table. Wash and wipe 
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Place solid wastes in waste cans. 

dry the bench top. Keep your locker locked when 
vou are not in the laboratory. 

In the Greenhouse 

1. Label, with your name, the laboratory section, 
the date, and the experiment number, all plant mate¬ 
rials that you place in the greenhouse. Use pencil. 



Label all plant materials with pot labels. 

2. Place your planted materials in the location 
designated by the instructor. 

3. Do not touch or disturb in any way any plants 
but your own. 

4. Dispose of plant materials, soil, or sand, at the 
end of an experiment, as directed. 

5. Wash pots and clean flats at the end of an ex¬ 
periment, and return them to the proper place in the 
headhouse. 

6. Aways clean up after yourself in both the green¬ 
house and the headhouse. 


Safety Precautions 

The safety precautions of a plant-physiology lab¬ 
oratory include all the usual safety measures of a 
chemical laboratory. The following list is to remind 
you of these precautions: 

1. Do not attempt unauthorized experiments nor 

work in the laboratory at unauthorized times. 

* 

2. Report to the instructor, immediately, all acci¬ 
dents, however trivial. 



Report accidents—even little ones. 

3. Do not point test tubes being heated over a 
flame at another person or yourself. 

4. When diluting strong acids, particularly sul¬ 
furic acid, pour the acid into the water. 

5. When inserting glass tubing into rubber stop¬ 
pers, first lubricate with water and then insert with a 
twisting motion. Wrap both hands in towels. 



Be careftd with glass tubing. 

6. Do not heat graduated cylinders or bottles. 

tha ^ hipped or cra cked glassware rather 

than take the chance of being injured by it 

8. Do not touch light bulbs while they are on or 
while they are still hot after use. 
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Keep away from hot light bulbs. 


9. Both for your own safety and for that of your 
fellow students, use with care the scalpels, razor 
blades, cork-borers, and other sharp instruments 
that are necessary for preparing plant materials. 

10. Avoid vapors when so directed. 



Avoid vapors. 


11. When using sprays, do not get them on your¬ 
self or your neighbors. 

12. Locate the carbon-dioxide fire-extinguisher, and 
learn how it is operated. Use it, as directed, only in 
an emergency. 

13. Do not eat seeds, plants, or plant parts pro¬ 
vided for laboratory work. Sometimes they are poi¬ 
sonous or have been treated with poisonous chemi¬ 
cals. 

Tips on Handling Plants 

You will be expected to grow much of your own 
plant material for use in the experiments in the lab¬ 
oratory. Seeds and plants selected as experimental 



Plant materials may be poisonous. 

materials are usually hardy and will germinate and 
grow without difficulty' if you follow a few simple 
rules in handling, planting, transplanting, and routine 
maintenance. 

1. For starting seeds in pots, select a clean, sound 
pot, place a curved piece of broken pot over the 
drain hole convex side up, and fill the pot with soil, 
sand, or vermiculite, as required, to about an inch 
from the top of the pot. If the seeds are large, poke 



A properly prepared pot for starting seeds. 


7 


TIPS ON HANDLING PLANTS 

several evenly spaced holes in the soil to a depth of 
about twice the size of the seed; drop a seed in each 
hole, and then cover with soil. The final level of sod 
in the pot should always be about an inch from 
the top to allow overhead watering when that is ap¬ 
propriate. Place the pot on an earthenware saucer, fill 
the saucer with water, and allow the soil to become 
thoroughly moistened. Label the pot with a wooden 
pot label. Seeds may be germinated in pots in the 
dark for a few days and then moved to the green¬ 
house, or they may be started in the greenhouse at 
once. 

2. For starting seeds in flats, the same general 
procedure applies. Select a flat of the proper dimen¬ 
sions, clean out any dirt or old roots that may have 



A flat ready for starting seeds. 

adhered to the bottom, and cover the bottom with 
paper toweling or newspaper to prevent loss of the 
planting medium. A layer of drainage material such 
as gravel or pieces of broken pots may be used on the 
bottom. Cover with the desired planting medium— 
loam soil, washed river sand, or vermiculite—to about 
half an inch from the top of the flat after the medium 
is well settled. Soak the medium before planting 
seeds by placing the flat in a sink or basin of water, 
or sprinkle the top gently until the medium is thor¬ 
oughly moistened. Sow seeds throughout the flat, 
making straight rows for uniform spacing. Mark the 
flat with a wooden pot label. 

3. Many of the seedlings used in the laboratory 
are germinated in the germinator illustrated below. 



The enameled pan, A, is large enough to hold an 
8-by-124-inch Pyrex baking dish, B. A sheet of quar¬ 
ter-inch wire-mesh screen, C, is soldered to a rigid 


sheet-metal frame large enough to fit over the dish. 
It must be tinned. Over the screen is laid a sheet of 
mosquito netting, D, with sides reaching to the bot¬ 
tom of the pan. On the netting the seeds, E, are 
spread out in a single layer. A second wire screen, F, 
of slightly smaller dimensions, is placed over the 
seeds. The sides must be high enough (about half an 
inch) so that the screen does not rest on the seeds. 
Finally, the topmost screen is covered with cheese¬ 
cloth, G, which also reaches to the bottom of the pan. 
Liquid (water or nutrient solution, as specified) is 
placed in B up to but not touching screen C. Tap 
water is placed in A up to the level of the rim of the 
dish. When the roots have reached the liquid in B, 
screen F and cheesecloth G can be removed. 

4. Transplanting, or removing seedlings from flats, 
must be done with care if the plants left in the flat as 
well as those removed are to survive. The soil in flats 
from which plants are to be removed should be moist, 
neither too dry nor too wet. Using a knife or a flat 



Transplanting seedlings. 


instrument, cut a block of soil around the seedling 
roots, and then pry out the seedling with enough soil 
to prevent breaking the roots. Remove only the num¬ 
ber of seedlings you require. Transplant into pots or 
flats prepared as above for seeding. Keep the roots 
under water or in moist paper toweling while work¬ 
ing with them, for dry air will rapidly dry up the 
roots of seedlings. This rule applies equally well to 
germinating seeds used in the laboratorv. Dry roots 
always mean dead plants. 

5. The maintenance of plants in the greenhouse 
requires regular brief visits rather than irregular 
long sessions. Watering may be a dailv chore unless 
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the greenhouse is tended by a regularly employed 
gardener or greenhouse man. Plants will not perform 
well unless they are given a constant and adequate 
supply of water. Another daily chore in the green- 



77] £ first question when things go wrong. 

house is the maintenance of suitable temperatures. 
Automatically controlled heating of the greenhouse 
usually takes care of the lower temperature limits. 
During the day, however, direct sunlight may raise 
the temperature rapidly and considerably. Automatic 
fans for cooling may remedy this situation in part. 
Two other cooling devices are usually available for 
manipulation: (a) lath shades may be rolled down 
over the roof during the heat of the day to interrupt 
and filter direct insolation; (b) side louvers may be 
opened to allow cool air to enter from below, and 
louvers at the peak of the roof may be opened to 
allow warm air to escape. In addition, thorough 
wetting down of the beds and walks increases the 
humidity in the greenhouse, contributes to cool¬ 
ing, and decreases the harmful effects of higher 
temperatures. Any or all of these ways of controlling 
greenhouse temperatures may be used. Never make 
adjustments in the greenhouse temperature controls 
without consulting the instructor. 

6. As plants develop, give them support to prevent 
straggling. Some plants get adequate support from 
tapes tying them to a single planting stick driven 
into the soil. Other plants need to be enclosed and 
held erect by several sticks driven in at the periphery 
of the pot and joined by string. Certain plants grown 
in nutrient-culture jars require the support of wires 
attached round the neck of the jar and projecting 
vertically upwards. Attempt to anticipate the full 



Plants often need to he supported. 

growth of a plant, and install, at the beginning, a 
support of suitable length. 

7. Despite care and watchfulness, greenhouse 
plants may be attacked by insects or by any of a num¬ 
ber of plant diseases arising both from viral and from 



Keep an eye open for harmful insects. 

fungal pathogens. Keep a watchful eye out for such 
infestations, and report them to your instructor or 
to the greenhouse man. Weeds growing in flats or 
pots should be pulled up as soon as they appear and 
should never be allowed to go to seed. 

Ho u> to Do an Experiment 

You will be notified well in advance by a labora¬ 
tory schedule on what day the materials and supplies 
will be available in the laboratory and the green¬ 
house for each particular experiment. You will also 
be informed about the text material pertinent to that 

experiment. 
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HOW TO DO AN EXPERIMENT 

Before the Laboratory or Greenhouse Work 

1. Read carefully and completely the assigned sec- 
tions in the text. 

2. Read the introductory discussion preceding the 
description of the experiment; then carefully study 
the directions for doing the experiment. During this 



Try to visualize how you will do each experi¬ 
ment. 


study, make sure that you understand the reason for 
each step in the experimental procedure, and that 
you can visualize the performance of the work. If 
there is anything about the experiment that you do 
not understand, find out about it in advance of the 
laboratory period. If you cannot solve the problem by 
reading the text or other reference books, then go to 
the instructor. As part of visualizing how you will 
do the work, decide what data are to be recorded 
and how you will enter them in the bound notebook 
in which you will record all raw data. If necessary, 
prepare skeleton graphs and tables in advance, leav¬ 
ing appropriate spaces for recording observations. 

In the Laboratory or Greenhouse 

1. Have with you at all times a bound notebook in 
which to record all observations. Each time an entry 
is made, include the date and, if necessary, the hour 
at which the observation is made. 

2. Follow the directions carefully, or you will be 
doing a different experiment from that asked for and 
will obtain results not to be expected of the original 
experiment. If it is necessary to change the procedure 
described in the printed description, make a careful 


notation in your bound notebook of all changes, and 
take these into account when interpreting your re¬ 
sults and reaching conclusions. When an experiment 
involves a series of treatments, the jars, beakers, etc. 
should be labeled with code numbers or letters refer- 
ing to the treatments entered in your notebook. This 
procedure ensures unbiased observation of the re¬ 
sponses to the treatments. Not infrequently the ex¬ 
perimental procedure will involve the determination 
of an unknown, based on study and comparison with 
your own known determinations. You will be given 
instructions concerning the handling of the unknown 
in the laboratory. Be prepared to submit your answer 
concerning the unknown when it is called for by the 
instructor. 

3. During the course of an experiment, freely dis¬ 
cuss the work, and compare it with that of your neigh¬ 
bors. You will learn a great deal and become aware 



Discuss your experiments with your col¬ 
leagues. 


of the range of variation in the biological material. 
The records in your bound notebook and the reports 
you will prepare from these records, however, must 
always show what you yourself have observed. 

4. When the work is done, clean up. 
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After the Experimental Work 

1. Write the report, including the answers to all 
the questions on interpretation. When so directed in 
the report instructions, plot data on punched, milli¬ 
meter-ruled graph paper, 8} by 11 inches, and clip 
the graph to the report sheet. 

2. Be sure you understand the full significance of 
the experiment itself and of the results you obtained. 

3. If your results are clearly incompatible with 
those of your neighbor or with what your reading 
had led you to anticipate, try to explain them. In so 


doing, check very carefully the procedures used dur¬ 
ing the course of the work. 

4. In your own mind reduce the experiment to its 
“take-home lesson,” and incorporate this into your 
understanding of the physiology of plants. 

5. Hand in the report, including graphs, to your 
instructor. 

6. Upon return of the corrected report, make sure 
you know the nature of any errors of observation or 
interpretation indicated by the instructor. 
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The Problem 

A seed planted in moist, fertile, aerated soil in the 
spring of the year quickly germinates into a young 
seedling. The seedling continues to develop, produc¬ 
ing stems, roots, and leaves, until, sooner or later, 
flowers, then fruits, and finally seeds are formed. In 
brief, the plant passes through its life cycle, from 
seed through mature plant to seed once more. 
Whether a plant is an annual or a perennial, the re¬ 
sults of its activities are first vegetative development 
and then reproductive development. In more sophis¬ 
ticated terms, the plant, like all other organisms, 
seeks first survival as an individual—that is, vegeta¬ 
tive development—and then self-perpetuation—that 
is, reproductive development. All of its manifold 
activities are directed toward this survival, both as an 
individual and as a species. The plant physiologist is 
concerned with the functioning of a plant throughout 
its entire life cycle. The experimental approach to the 
study of plants, used by plant physiologists in the past 
and the present and illustrated in this manual, con- 



These are the questions that experiments are 
designed to answer. 


stitutes a method whereby we can learn what a plant 
does, how it does it, and, finally, in what manner 
each activity or complex of activities contributes to 
its vegetative development and ultimately to its re¬ 
productive development. This is the problem created 
by curiosity and pursued as an intellectual endeavor 
by the method of experimentation. 

The attempt to understand the functioning of the 
plant does more than satisfy the curiosity and feed 
the intellect. As man comprehends nature, he then 
controls her. Slowly but surely, as the plant phys¬ 
iologist in his laboratory adds to our knowledge 
of the physiology of plants, agriculture and industry 
apply this knowledge to the production of new and 
better crops and plant products. Only as we know 
how the plant operates for its own inherent objec¬ 
tives of survival and perpetuation can we intervene 
and control these activities to our own ends. Progress 
in the areas of application in agriculture and industry 
depends upon the success of unrestricted exploration 
in the laboratory of the activities of plants. Only 
when the basic principles are understood is it possible 
to apply these principles to the attainment of a 
practical goal. Throughout this manual, both the ex¬ 
periments and the discussions will show how dis¬ 
coveries in the laboratory have been made to bear 
fruit in the field as well as in the factory. 

The Point of View 

The development from a seed to the mature 
organism, complete with stems and leaves, roots and 
flowers, fruits and seeds, is an obvious and dramatic 
activity of a plant. Development of these organs de¬ 
pends upon the enlargement and differentiation of 
individual cells derived from meristems and upon 
their organization into the complex and diversified 
tissues of which the plant is composed. The problems 
imp ci in the process of development are many. In 
their broadest form they are concerned with regula¬ 
tion and correlation at the molecular level at *he 
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cellular level, at the tissue level, and finally at the 
organ level. At any level they are problems of inter¬ 
acting matter and energy. 

During the development of a mature plant from a 
seed there occurs an enormous increase in the num¬ 
ber of cells, resulting from cell divisions in the meri- 
stems and throughout the tissues. The differentiation 
of cells into specific types and their organization 
into tissues and organs are accompanied by a 
permanent increase in the size of the plant and are 
dependent upon a substantial incorporation into the 
plant of matter and energy secured from the external 
environment. 

One way of looking at the material nature of a 
plant is to consider the matter of which it is com¬ 
posed. A typical herbaceous plant, such as com or 
tomato, is about 90 percent water and 10 percent 
other substances. The water is an integral part of the 
protoplasm; it saturates the cell walls, occupies most 



of the vacuoles, and fills the tracheids and vessels of 
the xylem. When most of the water is removed from 
plant material by drying in an oven at 100°C, what is 
left, called the dry matter or dry weight of the plant, 
constitutes, as indicated above, about 10 percent of 
the fresh weight of the plant. What is this dry 
matter? It is about 44 percent carbon, 44 percent 
oxygen, 6 percent hydrogen, and 2 percent nitrogen, 
the remaining 4 percent containing at least traces of 
some ten or twelve other elements. It is easy enough 
to calculate that over 99 percent of the fresh weight 


of the plant is composed of the elements carbon, 
hydrogen, and oxygen. We shall see later that these 
elements are all derived from the environment in the 
form of water absorbed by the roots and carbon 
dioxide obtained from the atmosphere. 

More meaningful than an elemental analysis in the 
study of plant activities is a consideration of the 
different types of compounds of which a plant is 
made. We have already indicated the overwhelming 
abundance of water within a plant. The dry matter 
is almost entirely organic in nature and has asso¬ 
ciated with it small amounts of mineral elements in 
chemical union. These organic substances are the 
foods upon which we, as animals, are dependent. 
The dry matter of the plant is substantially carbo¬ 
hydrate, protein, and fat. The cell wall is largely 
carbohydrate, and cellulose (which constitutes the 
cotton we use and from which paper and cellophane 
are made) is the principal cell-wall material. The 
protoplasm has as its major constituent a large and 
complex assemblage of proteins, but it also includes 
lesser amounts of fats and oils and carbohydrates. 

What materials does a plant require from its en¬ 
vironment in order to develop? The requirements are 
remarkably simple! A typical green plant will de¬ 
velop if its roots are immersed in pure water contain¬ 
ing a few mineral salts in solution and if its shoot 
system has access to carbon dioxide, oxygen, and sun- 
light. 

The mineral salts and water have the soil as their 
source and enter the plant through the roots. The 
plant physiologist is concerned, therefore, with the 
nature of soils, for they control the supply of mineral 
salts and water; and a major field of study within 
plant physiology is mineral nutrition, which includes 
the supply, absorption, and distribution of the min¬ 
eral nutrients. 

The study of water in the physiology of plants con¬ 
stitutes another major division of the field because 
of its exceeding importance. To function at full ca¬ 
pacity, the cells of a plant must be saturated with 
water. This water is an integral part of the structure 
of the plant, but is only a small part of the total 
amount of water necessary for the plant’s full de¬ 
velopment. Unlike the mineral salts, water constantly 
evaporates from the aerial parts of a plant. There is 
a never-ending struggle by plants to maintain them¬ 
selves saturated with water against the forces leading 
to water loss. This struggle is a major factor in the 
physiologv of plants and has been a dominant force 
in the evolution of land plants. The obvious physio¬ 
logical importance of water and the immense signifi¬ 
cance of the water relations of plants to agriculture 
have combined to make this aspect of plant physiol- 



CONTROL OF 


plant activities 



A plant is the product of its environment. 


ogy one of the earliest and most completely studied 
in the entire field. 

Quite clearly, the chemical nature of the simple 
inorganic materials that enter a plant is vastly differ¬ 
ent from that of the complex carbohydrates, proteins, 
and fats and oils of the plant cells. Complicated mo¬ 
lecular changes take place within the cells. This rear¬ 
rangement of atoms into new molecular configura¬ 
tions is called cellular metabolism, and it occurs in 
the protoplasm. Metabolism is the complex of proc¬ 
esses whereby new protoplasm and cell walls, made 
of complicated organic molecules, are synthesized 
from relatively simple, inorganic molecules. One of 
the spectacular recent advances of biology has been 
the insight gained into the mode of operation of the 
chemical factory we call protoplasm. 

Atoms cannot be taken out of one molecular con¬ 
figuration and rearranged into others without some 
work being done. And to do work requires energy. 
The prime source of energy for our living world is 
sunlight. Within living plant cells, green chloroplasts, 
in the process of photosynthesis, take carbon dioxide 
and water and rearrange the atoms into an organic 
substance, sugar. The chloroplasts do the work by us¬ 
ing the energy from sunlight, and the energy itself 
becomes a part of the sugar molecules and can be 


thought of as holding the atoms together in their 
elaborate new arrangement. The sugar is distributed 
to all the cells of the plant and ultimately to all the 
nongreen organisms of the world. Here, then, in one 
package—a molecule of sugar—are the carbon, the 
oxygen, the hydrogen, and the energy that are es¬ 
sential to metabolic activity. 

Sequence of Study 

Almost all the activities of a plant go on concur¬ 
rently. For practical purposes, they must be studied 
in some sequence. In this manual the first section is 
entitled “Plant Development.” The assumption is 
made that the plant is in a chemical and physical en¬ 
vironment conducive to plant development. The ex¬ 
periments are concerned with the control and regula¬ 
tion of the fate of the cells produced in the meristems. 

The next two sections consider the material needs 
of plants. Section II, “Mineral Nutrition,” is a study 
of the minerals required by a plant, how they are 
absorbed and distributed in the plant, and of the 
soil as the usual source of the mineral salts. Section 
III, “Water Relations,” covers the soil as the usual 
source of water and the absorption, distribution, and 
loss of water by a plant. 

The bridge between the raw materials entering a 
plant and the plant’s development is the subject 
of the final section, IN’, “Metabolism.” Here we 
analyze the activities of living plant cells at tho 
molecular level. A study of the all-important process 
of photosynthesis, which furnishes carbohydrate to 
the entire living world, concludes this section and the 
course. 

Control of Plant Activities 

As we understand the activities of plants in terms 
of survival and perpetuation, we can increase our 
control of these organisms and direct their activities 
to meet our own needs. Each extension of our basic 
knowledge of plant physiology has ultimately been 
applied in agriculture and industry. 

Almost a hundred years ago the now common 
practice of growing plants in water solutions was first 
developed as a laboratory procedure. With the use 
of this technique the elements essential to plant 
development were discovered, and these discoveries 
led to sound programs of mineral fertilization of field 
crops. The new knowledge of the nutrition of plants 
was promulgated by the famous agricultural chemist 
Justus von Liebig, and scientific farming progressed. 
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Understanding a plant is to control it. 


Today, in the production of sugar cane in Hawaii, 
careful analyses of the growing crop indicate just 
how much of each mineral salt should be added to 
the soil for the production of the highest yield of 
cane sugar from that particular planting. As the 
nutrient-culture technique was refined, the essentiality' 
of micronutrient elements to plant development was 
discovered. Almost immediatelv a series of obscure 
“plant diseases” were understood and corrective 
measures invoked. Similarly, our detailed knowledge 
of the water requirements of plants, of the relation of 
these to soil moisture, and of the physiology of 
resistance to drought and cold has provided a firm 
scientific basis for modern irrigation practices and for 
the choice and preparation of plants for agriculture 
in dry or cold climates. 

As the problems of nutrition began to be solved, 
plant physiologists turned their attention to metabo¬ 
lism. Although many aspects of plant metabolism are 
still to be discovered and understood, the knowledge 


so far gained has bceu applied on a vast scale. Almost 
the whole industry of processing plant products, from 
the field to ultimate use, rests on our knowledge 
of the metabolism of plants. Many industrial pro¬ 
cedures for the production of medicinal and industrial 
substances, such as antibiotics, alcohol, and organic 
acids, are nothing more than large-scale cultures of 
organisms grown under conditions that will produce 
large amounts of the substances. Already suggested, 
but not yet an economic accomplishment, is the 
large-scale, controlled culture of algae in fresh and 
ocean water as a source of food proteins and fats and 
oils. The agricultural and industrial application of the 
knowledge gained by study of plant metabolism is 
already extensive and is certain to increase many 
times as the plant physiologist in the laboratory 
delves deeper into the functioning of protoplasm. 

Most spectacular in recent years has been the 
practical application of what is known about the 
physiology of plant development. Only twenty years 
have passed since the isolation and determination 
of the structure of the first plant hormone controlling 
plant development. These early researches, however, 
made possible the present chemical revolution in agri¬ 
culture. Today, powerful chemicals used in minute 
• 

quantities induce rooting of cuttings, prevent pre¬ 
mature dropping of fruits, cause production of seed¬ 
less fruits, induce or break dormancy in buds of 
nursery stock or potatoes, delay blossoming of fruit 
trees, defoliate cotton and other crops, thin fruit, 
artificially ripen fruit, and selectively destroy weeds 
and other plants. Although the list reads like a 
fantasy of accomplishment in plant-control, there can 
be no doubt that this is only the beginning. The 
present applications are based on a most superficial 
knowledge of the physiology of plant development. 
No one can predict what the next discovery in the 
laboratory will make possible in the field or the 
factory. 


I. 


PLANT DEVELOPMENT 


Assuming physical, chemical, and physiological 
conditions that allow the production of new cells, a 
typical higher plant will proceed through a continuous 
series of changes during its life cycle. Visible mani¬ 
festations of this changing activity, beginning with an 
embryo within the seed, involve, in ordered sequence, 
germination, then the appearance and enlargement 
of roots, stems, and leaves, and, sooner or later, the 
formation of flowers, fruits, and seeds, which com¬ 
plete the cycle. The shape, size, and location of these 
organs are the visible expressions of the organized 
and correlated activities of cells produced by the 
meristems. This unfolding of the plant, in all its 
obvious orderliness and complexity, is technically 
termed development. 

On paper, if not in actual practice, we can divide 
plant development into separate phases—growth, 
cellular differentiation, and organogenesis. Growth is 
an irreversible increase in volume and is usually, but 
not always, accompanied by an increase in weight. 
Cellular differentiation includes all the stages in the 
ontogeny of plant cells. Consequently, cell division, 
cell enlargement, and cell maturation are parts of 
differentiation. Organogenesis is the origin of the 
organs of the plant and inherently reflects a partic¬ 
ular complex of cellular differentiations. Usually, in 
the development of a plant, all tliree aspects are 
inextricably interwoven in both time and space. Ex¬ 
perimentally, with particular plants under certain 
environmental conditions, each may be studied inde¬ 
pendently. The simplest to observe is growth since 
it may be measured directly. Cellular differentiation 
and organogenesis present a more difficult problem 
of analysis. They are not subject to quantitative 
methods at our present stage of knowledge but must 

be described and understood as histories of cells and 
organs. 

Although the sequence of intergrading events in 
development might appear, at first sight, to be in¬ 
exorable unless terminated by premature death, 
reflection suggests a number of questions. What, for 


example, causes the shoot apex to shift from the 
formation of stem and leaves to the production of 
flowers? Why does a terminal bud stop its develop¬ 
ment in the fall and then start up again in the spring? 
What activates the vascular cambium to the pro¬ 
duction of secondary xvlem and phloem each spring? 
Why do some meristematic cells differentiate into 
fibers while others become sieve tube elements? Why 
are certain plants much branched while others have 
a single main axis? Some of these questions and 
others will be considered in the experiments of this 
section. 

Our study of development begins with some classi¬ 
cal experiments on the analysis of growth, its relation 
to the other aspects of development, its measurement, 
and the rate of growth throughout the life of the 
plant. The modern period in the study of plant de¬ 
velopment began with the discovery that certain 
organic substances produced by the plant regulate 
the cell-enlargement phase of cellular differentiation. 
In effect, regulation of plant growth comes with the 
control of cell enlargement since the principal in¬ 
crease in total plant volume results from this process. 
The control of cell enlargement by these substances 
will be studied in the laboratory. Soon after the 
identification of the growth hormones, plant physi¬ 
ologists demonstrated that these substances control 
other aspects of development. Moreov er, by system¬ 
atic research, a large number of substances not oc- 
curing naturally in plants were found to influence 
various stages of development. You will do several 
experiments that involve the use of these regulators 
and will observe their control of vegetative develop¬ 
ment. Under certain conditions vegetative develop¬ 
ment may be arrested and later resumed. This inter¬ 
ruption of development is particularly obvious in 
seeds and in the buds of many perennial plants. 
Dormancy of seeds and buds can be overcome experi¬ 
mentally, as we shall see. Finally, we will study the 
development of flowers, fruits, and seeds. 
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A. The Analysis of Plant Growth 

Growth, strictly defined, is an irreversible increase 
in volume. Most growth occurs during the cell-en¬ 
largement phase of cellular differentiation although a 
small amount of growth may also be associated with 
cell division and cell maturation. In Experiment 1 
you will attempt to localize the regions of cell en¬ 
largement as they occur in the primary body of many 
plants. In addition to these growth regions behind 
the apical meristems of roots and shoots, some plants 
have a growth region above each node. This is 
particularly common in grasses and other monocots. 
Growth also occurs in other plant parts—for example, 
in leaves, where all the cells enlarge to some extent. 
Lateral growth, too, occurs by enlargement of cells 
located on each side of the vascular and cork cambia. 

Experiment 1. The Locus of Plant Growth 

A. Root Growth. Prepare a moist chamber by 
lining the sides of a 600 ml Griffin beaker with 
thoroughly moistened paper toweling. Com¬ 
pletely cover a 3£" X 4" glass plate with eoarse- 
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grade filter paper soaked with distilled water 
(Fig. 1-A). 

Select, from the germinated pea seedlings pro¬ 
vided, one in which the root is fairly straight and 
at least 2 cm long. Wipe excess ink from the 
thread of the marking device. Lay the root on a 
millimeter ruler, and, starting at the tip, quickly 
mark 10 thin lines at 1 mm intervals with black 
marking ink (Fig. 1-B). Place the seedling 
against the moist plate with a rubber band sup¬ 
porting it just under the cotyledons. 

Repeat the operation until 5 roots are marked. 
Mark 2 more seedling roots with a single line 10 
mm from the tip as control plants to test the 
effect, if any, of the marking procedure. Take 
care to avoid drying the seedlings during the 
marking. Support each root so that its whole 
length touches the moistened filter paper. Insert 
the glass plate supporting the seedlings into the 
beaker. Cover the beaker with the bottom of a 
10 cm Petri dish, and place the beaker in your 
locker. 

At the end of 48 hr, measure the distance 


figure 1 Apparatus and procedure for marking roots and shoots to determine the locus of 
plant growth. 
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between the marks on each marked root. Aveiage 
the lengths measured in the first interval behind 
the apex; do the same for all the other marked 
intervals. Measure the length of the control roots 
from the tip to the marked line. Plot the data on 
a separate sheet of graph paper, and turn the 
graph in to your instructor with your report. 

° B. Shoot Growth. Using the same marking de¬ 
vice as in part A, carefully mark at 2 mm intervals 
with black marking ink the epicotyls of four of 
the 5-day-old etiolated pea seedlings provided 
(6 plants per 4" pot of sand, grown in the dark 
at 25°C). Hold the millimeter ruler vertical 
behind each plant, and mark from the tip of the 
epicotyl until 10 marks have been made (Fig. 
1-C). Mark 2 of the seedlings with a single line 
20 mm from the tip; these will be control plants 
to determine the effect, if any, of the marking 
procedure. Place the plants in the dark in your 
locker. 

After 48 hr, measure the distance between 
marks. Measure also the increase in length of the 
control plants. Determine the average elongation 
for each interval in the marked plants, and plot 
these average lengths against the interval 
numbers. 

#################################################### 

The definition of growth explicitly requires the 
measurement of volume. Volume measurements, how¬ 
ever, are not always readily made, and they must not 
include reversible changes resulting from the water 
status of the plant. Two plants that had made exactly 
the same growth would have quite different volumes 
if, when measured, one was turgid and the other 
wilted. Growth measurements, therefore, are often 
based on length, width, or area. Since such measure¬ 
ments are directly related to volume, they are valid, 
though incomplete, measures of growth. Frequently, 
an increase in the fresh or dry weight of a plant is 
erroneously called growth. Actually, growth may or 
may not accompany weight increase. Thus, immedi¬ 
ately following cell division, for example, there is 
a very rapid synthesis of protoplasm but only a slight 
increase in volume. Even more striking is the sub¬ 
stantial increase in dry weight, with little increase in 
volume, that occurs during cell maturation. These 
relations will become evident as you do Experiment 
2. Here, too, you will discover that light directly and 
indirectly affects cell enlargement and that water, 
other materials, and energy are used in the synthesis 
of the new cells of the seedling. 


[ Exp 2 ] 

Experiment 2. Seedling Development in Light 
and Dark 

Select 60 peas, Alaska variety, of about equal 
size. Weigh them in three lots of 20 on the torsion 
balance. Place lot 1 in a weighed test tube, dry 
in the oven (95°C) for 48 hr, then cool and re¬ 
weigh. The average weight of the seed coat 
of each pea is 17 mg; subtract this weight from 
the dry weight of the seed to obtain the initial 
dry weight of the embryo, including cotyledons. 

Determine separately the volumes of lots 2 
and 3 by placing them in a 10 ml graduated 
cylinder and covering with a measured volume 
of water. Place each lot in a Petri dish, half 
cover with distilled water, label, and allow to 
germinate in the dark for 48 hr. At the end of 
the 48 hr, prepare 2 small, paper-lined flats 
of washed sand, and plant each seed lot about 
1/2" deep. Put one flat, lot 2, in the greenhouse, 
and the other, lot 3, in the dark at 25°C. Water 
each regularly for the next 2 weeks. 

This experiment as described shows satisfactory 

differences between light- and dark-grown plants. 

It mav be conducted under more carefully con- 
* * 

trolled temperature conditions if both flats are 
grown in the greenhouse with the flat containing 
lot 3 covered by a specially constructed light¬ 
tight box. The box should be approximately 16" 
high, be painted dull black inside and silver out¬ 
side, and fit snugly around the flat. 

On the 21st day after soaking the seed, remove 
the plants carefully from each flat, and rinse off 
all the sand. Count the total number of plants 
in each seed lot when you harvest them. This 
number must be used for all calculations ex¬ 
pressed on a per-plant basis. For each lot, 
measure the shoot length and main root length 
of 10 plants. Remove the seed coat from any 
seed where it remains, fold together the plants 
of each lot, and determine the volume of each 
lot as before, using a larger graduated cylinder 
(e.g., 250 ml). 

Separate the cotyledons from each of the 
plants, blot them dry on filter paper, and deter¬ 
mine the fresh weight of each lot of cotyledons. 
Make appropriate corrections for any cotyledons 
that may have been lost from the plants. Deter- 
mme similarly the fresh weight of the remaining 
tissue of each lot of plants. After placing the 
plants from each lot in a separate beaker, put the 
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cotyledons associated with each lot in a test tube, 
and then place each tube in the proper beaker. 
Dry in the oven (80°C) for 48 hr, and reweigh 
the cotyledons and dried tissues of each lot of 
plants. 

Make a chart, entering all the data you have 
collected for each of the 3 lots of peas. Enter 
the values, calculated on a per-plant basis, in your 
report. 

With a valid method for measuring growth, then, 
what can be established about the rate of growth— 
that is, the growth per unit of time? In Experiment 3 
the rate of growth is determined for a leaf. You will 


discover that the rate changes with time after growth 
begins. The shape of this curve, described as a 
sigmoid curve, applies equally well to the growth 
of the entire plant, of each of the organs, or of the 
individual cells. It is a fundamental graphical ex¬ 
pression of the growth of organisms or their parts. 

The typical sigmoid curve of growth is of value in 
the interpretation of plant development because it is 
divisible into phases that may be subjected to further 
detailed study and analysis. In experimental work 
with a growing plant, the experimentalist must 
choose with care the phase of development in which 
he analyzes a phenomenon. (Why?) 

Considerable effort has been devoted by biologists 
and mathematicians to formulating a mathematical 
equation describing the growth curve. If we had 


figure 2 Determination of the sigmoid curve of growth. The arrows indicate the leaf meas¬ 
urements to he made. 
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such an equation, we might, by using numerical val¬ 
ues based on measurements of a seedling, construct 
a growth curve that would accurately predict the 
growth of the seedling to maturity. Such an equation 
would be not only of theoretical interest but of 
practical value. By means of it, for example, one 
could, at the seedling stage of a crop, predict the 
harvest date. Unfortunately, no such equation ac¬ 
curate enough to be of practical value has been 
devised. Although theoretically possible, it is difficult 
in practice to include in any equation the extremely 
large number of climatic, edaphic, and biological 
factors that determine the detailed course of growth 
of each crop. 




Experiment 3. The Sigmoid Curve of Growth 

Split open 3 soaked bean seeds, and measure 
with a millimeter ruler the length of the leaves 
of the embryo, as illustrated in Fig. 2-A. Calculate 
the average length. This figure is the initial meas¬ 
urement in a series of measurements to be made 
of the growth in length of the first two paired 
foliage leaves above the cotyledons of the bean 
plant. 

Select 25 soaked bean seeds that are not 
wrinkled, and plant them in a small, paper-lined 
flat of sand. Water thoroughly, and place in the 
greenhouse. On days 5, 7, 12, 14, 19, and 21 after 
planting, measure to the nearest millimeter the 
length of the first 2 leaves of each of 3 plants, 
including the length of the petiole as shown in 
Fig. 2-B,C. On the 5th and 7th days, dig up 3 
germinating seeds, measure the length of the 
leaves, and discard the seedlings. Do not use 
seeds that are obviously not germinating. 

For all subsequent measurements, allow the 
plants to grow in the flat without removal. Use 
the same 3 plants for these successive measure¬ 
ments. For each series of measurements on any 
day, determine the average leaf length. Plot the 
average leaf length against the time in days. 


B. The Role of Auxins in Cell 
Enlargement and Plant Tropisms 

By 1930 there was no longer any doubt that plant 
tissues contain special hormonal substances regulating 
growth. Such substances are now called auxins. Of 
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considerable importance in the isolation of the auxins 
from plant tissues and in their subsequent chemical 
identification was the biological test that was de¬ 
veloped for detecting them. 

This test makes use of the coleoptile of the oat 
seedling (Fig. 3). The coleoptile, a modified leaf, 
is a cellular sheath enclosing the embryonic leaves 
and shoot apex of the seedling. When the seedling is 
grown in the dark under standard conditions, cell 
divisions in the coleoptile continue to occur until the 
coleoptile is about one centimeter long. Thereafter, 
until the coleoptile reaches its full length of five or six 
centimeters in four days, extension of the coleoptile 
is by cell enlargement exclusively. 

The tip of the coleoptile produces the auxin neces¬ 
sary for the enlargement of the cells below it. In the 
dark the auxin is transported directly toward the 
base, and the embryonic cells enlarge. If the tip is 
excised, no cell enlargement takes place in the cole¬ 
optile. If the tip itself or an agar block containing 
the auxin is placed on the cut stump, growth resumes. 
If the tip or the agar is placed on one side of the 
stump, the cells on that side of the coleoptile 
elongate, and the coleoptile consequently bends away 
from the elongating side. The Avena coleoptile curv- 


figure 3 The oat seedling used in the 
Avena coleoptile curvature test is repre¬ 
sented here diagrammatically in longitu¬ 
dinal section. This stage is reached after 
about 48 hours in the dark following ini¬ 
tial soaking of the seed. 
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ature test for auxin is based on the fact that the 
degree of bending is, within limits, directly pro¬ 
portional to the concentration of the auxin in the agar 
placed upon one side of the stump. It is the most 
reliable sensitive quantitative test known for sub¬ 
stances having auxin activity. The test can be used to 
measure as little as 0.00000008 milligram of an auxin 
contained in an agar block 2x2x1 millimeter 
(that is, 0.02 milligram per liter) placed on the de¬ 
capitated coleoptile. 

The Avena coleoptile curvature test and several 
other tests subsequently developed have made it 
possible to detect auxins in plant tissues, to isolate 
them, and to test large numbers of laboratory 
chemicals for auxin activity. The principal naturally 
occurring auxin has been identified as indoleacetic 
acid, which has the structure shown in # 1. (Numbers 
following the symbol # refer to the numbered 
chemical illustrations.) 
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During the laboratory study of development you 
will work with a number of compounds that affect 
other aspects of development in addition to stem 
growth. Ease of discussion requires that we explain 
our use of terms, for there is no fully accepted ter¬ 
minology at the present time. We will follow here 
the latest recommendations (1954) of the American 
Society of Plant Physiologists. Any organic compound, 
other than nutrients, that in small amounts affects 
any physiological process in plants is a regulator. 
(The excluded nutrients are the materials that supply 
energy or essential elements.) A regulator, then, may 
be a naturally occurring substance or not. If a 
regulator is produced by the plant, it can be more 
specifically referred to as a hormone. Indoleacetic 
acid, for example, is a hormone; it is produced in one 
place, as in the coleoptile tip, and in very low con¬ 
centrations exerts its influence elsewhere in the plant 
—for example, on the cells of the subapical portion 
of the coleoptile. When the facts are available, 
regulators can be more specifically described as 
growth regulators, growth hormones, flowering regu¬ 
lators, flowering hormones, etc. Growth regulators 
regulate or affect growth wherever it occurs. 


We will make frequent use of the term “auxin.” 
Originally, before indoleacetic acid was identified, 
“auxin” referred to the natural growth hormone. Now 
it refers to any one of a large number of organic 
compounds that have physiological activity resem¬ 
bling that of indoleacetic acid. Their capacity to in¬ 
duce elongation in shoot cells is considered the 
critical property. They may or may not have ad¬ 
ditional effects on other phases of plant development. 

The action of one auxin, indoleacetic acid, in 
inducing cell enlargement is analyzed in Experiment 
4. Certain precautions must be exercised if this 
experiment is to be successful. First of all, the tip 
of the coleoptile must be removed, for it produces 
auxin in quantity, and in the presence of this en¬ 
dogenous auxin the externally supplied auxin would 
not induce additional elongation. A second pre¬ 
caution is to carry out all manipulations under red 
light. White light or restricted wavelengths of the 
visible spectrum, especially blue light, are absorbed 
by piements in the coleoptile and inactivate the auxin. 

The section test performed in Experiment 4 illus¬ 
trates a common biological testing procedure called 
a bio-assay. Many biologically active substances are 
present in organisms in such small amounts that the 
usual chemical procedures are useless, not only for 
making quantitative measurements of them, but even 
for detecting their presence. In a bio-assay the re¬ 
sponse of an organism or its parts is used to detect 
the presence of active substances and to measure the 
amounts present. In this experiment cell elongation 
is the response used to measure auxin activity. 

Experiment 4. The Avena Coleoptile Section Test 

Prepare 6 Petri dishes, each with 18 ml of one 
of the test solutions as follows: 0.0, 0.01, 0.1, 1.0, 
10.0 mg/liter, indoleacetic acid (IAA) and an 
IAA solution of unknown concentration. Prepare 
a dilution series from a stock solution of 100 
mg/liter IAA in the following way. Be careful to 
avoid contamination of solutions. Withdraw a 
few ml of the IAA stock solution of 100 mg/liter. 
To make your dilution series, fill 4 Petri dishes 
each with 18 ml of freshly prepared 2% sucrose 
solution (2 g of crystalline sucrose made up to 
100 ml with distilled water). Label the dishes 
A, B, C, and D. To A add 2 ml of the stock 
solution, and stir thoroughly. This solution is now 
at a concentration of 10 mg/liter. Use a clean 
pipette to transfer 2 ml of this solution to B tor 
the second tenfold dilution. Repeat this pro- 
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cedure until the serial dilutions are complete. 
You will be supplied with the unknown solution 
which you will test undiluted. Place 18 ml of this 
in dish E and 18 ml of 2S sucrose solution m dish 
F. Since accurate determination of the unknown 
concentration depends upon solutions of accu¬ 
rately known concentration, it is important that 

dilutions be made very carefully. 

Working quickly in a room illuminated only by 

red light, cut off the apical 2-3 mm of a young 
Avena coleoptile, and prepare a 10 mm section 
just below this cut, using the special cutter and 
paraffin block provided (Fig. 4). The instructor 
will demonstrate. Take only one 10 mm section 
from each plant. Place 10 sections immediately 
in each of the 6 prepared dishes. Place the dishes 
in the dark at 25°C until the next laboratory 

period. 

At the end of 48 hr, measure the sections, and 
determine, in mm, the average change in length 
for each treatment. Calculate the standard de¬ 
viation and standard error of each set (see 


TRO I’ISMS 
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Appendix 2). Using equal spaces on the hori¬ 
zontal axis from zero to tire highest auxin con¬ 
centration, plot section elongation in mm against 
the logarithm of the IAA concentration. 






Using various bio-assays for auxins, including the 
Avena coleoptile curvature and section tests, numer¬ 
ous plant physiologists, in the years since 1930, have 
explored the field of plant development and estab¬ 
lished the main outlines of our present knowledge of 
auxin physiology. Some generalizations have been 
established. Wherever there is active growth, there 
is a closely related center of auxin production. The 
highest concentrations of auxin are found in the 
active meristems of shoots and roots and in y oung, 
growing leaves. This auxin is transported from the 
production centers. The greater the distance from 
the meristematic regions, the lower the auxin con¬ 
centration. As might be expected, the growing 
regions of roots, stems, and leaves show high auxin 
levels; mature regions that have completed their 
elongation show low auxin levels. 

The concentration of auxin in the tissues is not 
determined entirely by the rates of synthesis and 
transport. It is known that auxin, in addition to being 
inactivated by light, may also be destroyed in plant 
tissues by specific auxin-destroying systems. The 
amount observed reflects, therefore, the difference 
between synthesis and destruction. 

Important for an understanding of auxin action in 
the shoot is the peculiar nature of auxin transport. 
In the coleoptile and in stem tissues, auxin is trans¬ 
ported only in the basipetal direction, from the stem 
apex toward the base. Auxin movement in the stem 
is thus strictly polar. The transport can be quite 
rapid—for example, ten or twelve millimeters per 
hour in the Avena coleoptile. This movement is 
several times faster than simple diffusion. In the root, 
auxin transport does not seem to be strictly polar; 
under certain conditions and at certain locations 
within the root, auxin may move from root apex to 
base or in the reverse direction. Under proper 
stimulus from the external environment (gravity or 
light, for example), auxin may move in both shoot 
and root in a lateral, or transverse, direction. Such 
lateral movement may be quite important in the 
growth of the plant, as will be seen in Experiment 5. 

A further important characteristic of auxin is that, 
according to its concentration in a tissue, it can 
inhibit as well as stimulate growth. This fact was 
evident in Experiment 4. The concentrations that 
stimulate and those that inhibit depend on the tissue. 
The growth responses of the various organs of a 
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figure 5 Growth responses of roots, buds, 
and stems to increasing concentrations of 
auxin. (After K. V. Thimann, Am. J. Bot. 
24: 407-412, 1937.) 


plant to increasing auxin concentration are sum¬ 
marized in Figure 5. 

As these facts were established, it became possible 
to formulate a reasonable explanation of two well- 
known physiological responses of plants: the bending 
of shoots toward a source of light and the response 
to gravity—that is, the bending of shoots upward 
against gravity and of roots downward with gravity. 
These movements, called tropisms, are the result of 
unequal growth of cells on the two sides of the 
stimulated organ. The relation between the stimulus, 
light or gravity, and the bending response induced 
by unequal growth on the two sides of the organs is 
studied in Experiment 5. In interpreting this experi¬ 
ment, vou must remember that roots and shoots are 
markedly different in their sensitivity to auxin, as can 
be seen by reference to Figure 5. An auxin con¬ 
centration that induces cell enlargement in the shoot 
may inhibit cell enlargement in the root. 

Phototropism and geotropism are activities that 
obviously contribute to the development of the plant. 
Phototropic response ensures a positioning of leaves 
and stems for the maximum exposure of leaf surface 
to the light required in photosynthesis. Together, 
these tropisms result in the shoot growing upwards 
toward the light and the roots into the soil. They 
account for the sunflower “following the sun” and for 
the erect growth of forest trees and crops. What 


would the farmer do if each seed had to be placed 
with epicotyl up and radicle down? 


Experiment 5. Plant Tropisms 

A. Phototropism. Remove the husks from 20 
oat seeds, and turn the seeds in to the instructor. 
These seeds will be returned to you at the begin¬ 
ning of the next laboratory period, after having 
been soaked in distilled water with aeration for 
30-40 hr at 25°C. 

Prepare a moist chamber as described in Ex¬ 
periment 1. Omit the paper toweling on the 
bottom of the beaker. One side of the beaker 
should be completely free of toweling for about 
3". Upon receiving the soaked oat seeds from the 
instructor, select 12 seeds of about equal size, 
and arrange them in the wire screen holder (Fig. 
6-A) with the grooved side of the seed down 
and the coleoptile pointing vertically upward, as 
illustrated in Fig. 6-B. Fill the beaker with tap 
water to a level just below the wire screen. Cover 
with the top of a Petri dish, and then cover the 
entire assembly with a large inverted tin can to 
give complete darkness. Place in the dark at 
25°C. Constant temperature for the next 48 hr 
is essential. 

Forty-eight hr later carry the tray with the 
covered beaker containing the etiolated seedlings 
into a darkroom illuminated only by dim red 
light. Designate three sets of three seedlings each 
for the following test, using every third seedling 
in the row for any set. Arrange the coleoptiles 
so that they are as nearly vertical as possible. 

Group 1. With a razor blade, remove the apical 
3 mm of the coleoptile. Place a small dab of plain 
lanolin paste on each cut surface. 

Group 2. With a razor blade, remove the apical 
3 mm of the coleoptile. Place a small dab of 
lanolin paste containing 0.1 percent indoleacetic 
acid (1,000 ppm) on each cut surface. See that 
the lanolin paste is applied uniformly to the 
entire cut surface. 

Group 3. Leave the plants intact as controls. 

Place the beaker in a position where the cole¬ 
optiles will receive, through the side of the 
beaker, direct, unilateral white light, perpendic¬ 
ular to the coleoptiles, for the next 2 hr. At the 
end of 2 hr, remove the holder with the seedlings, 
and measure the angle of curvature, <*, of all plants 
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figure 6 Apparatus and procedure for demonstrating the phototropic response of the A vena 
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with a protractor, using the tangent to the curve 
as the point of measurement from the vertical 
(Fig. 6-C). Average the angles of curvature for the 
three sets, and enter the averages in the report. 

B. Geotropism. You will be provided with 
corn seeds that have been soaked overnight in 
distilled water. Select 6 seeds, place them in a 
Petri dish with embryos down, and arrange them 
across the center of the dish with all the pointed 
ends oriented in one direction, as illustrated in 
Fig. 7-A. Using moist filter paper slightly larger 
than the dish, and then soaked paper toweling. 


cover the seeds and press them firmly into place 
so that they will not change position. Prepare a 
second Petri dish in exactly the same wav. Place 
the Petri dishes on edge in the holder provided, 
with the points of the seeds down. Mark the 
upper edge of each dish with a wax pencil. The 
holder will be transferred to the dark at 25°C 
by the instructor. 

Forty-eight hr later observe the seeds. Care¬ 
fully excise with a razor blade the terminal 2 
mm of all of the roots in one dish. Arrange all 
the roots so that they are parallel, replace the 


figure 7 Procedure for demonstrating the geotropic response of corn seedling roots. A: 

Seedlings after germinating for 48 hours. B: Roots have been decapitated and placed in 
the horizontal position. 
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moist filter paper, and turn the dish 90° so that 
the roots are now horizontal (Fig. 7-B). Arrange 
the roots in the other dish in the same manner, 
but leave them intact. Rotate 90° to make the 
roots horizontal. Return the dishes to the dark 
at 25°C. At the end of 2 hr, observe the two 
sets of roots and record the results in the form 
of a diagram. 

#################################### ################ 

The amount of auxin that is active in controlling 
the growth of a plant is extremely small. The only 
reliable measurement of such low concentrations of 
auxin is furnished by an elaborate biological assay, 
the Avena coleoptile curvature test, which can be 
used to measure accurately amounts of auxin in the 
range 0.025-0.2 milligram per liter. The Avena cole¬ 
optile section test (Experiment 4) can also be used 
as an auxin assay, but for higher concentrations. A 
much simpler chemical test has been devised for one 
of the natural auxins, indoleacetic acid (IAA). This 
test, using the Salkowski reagent, gives a specific 
color reaction with IAA, but is much less sensitive, 
being effective in the range 1-45 milligrams per liter. 
Such concentrations are well above the physiological 
concentrations in plants. Nevertheless, the test is 
useful, particularly in studying auxin-destroying 
systems where the disappearance of indoleacetic acid 
can be followed in vitro —that is, in test tubes rather 
than in tissues—at nonphysiological auxin concen¬ 
trations. In the presence of the Salkowski reagent, 
indoleacetic acid produces a deep red color by the 
formation of a color complex with the iron chloride. 
Quantitative estimation of this color complex is 
made. You will carry out this test in Experiment 6. 

For this experiment you will use an instrument 
called a filter photometer. Several types of photo¬ 
electric colorimeters based on the principle of filter 
photometry are available, and you must become 
familiar with the operation of the particular model 
you use. The essential components of the instrument 
are a source of light and a suitable glass filter 
through which the light is directed. The filtered light 
passes through a homogeneous liquid sample in a 
test tube and impinges on a sensitive element that 
activates an indicating meter. The filter is selected 
to transmit only that region of the visible spectrum 
which will be maximally absorbed by the sample. 
The proportion of light absorbed by the sample is 
a function of the amount of absorbing material in the 
test solution and can be related directly to the con¬ 
centration of the substance in the initial reaction 
mixture. 


In practice, the instrument is first adjusted by use 
of a reference liquid containing all reagents except 
the color complex. The proportion of the light ab¬ 
sorbed by the sample is then determined and related 
to the concentration of the substance under analysis. 
Full color development in the reaction mixture is 
usually a function of time; so all readings should be 
made at a uniform interval after the reaction begins. 

Experiment 6. Colorimetric Test for Indoleacetic 
Acid 

From the stock solution of 100 mg IAA per 
liter provided, make up a 10 ml sample of each 
of the following concentrations: 40, 20, 10, 1, 
and 0 mg per liter. Make dilutions as follows: 
Withdraw 8 ml of the stock solution. Pipette 4 
ml into a test tube, and dilute it with distilled 
water to 10 ml for the 40 mg/liter solution. Simi¬ 
larly dilute 2 ml, 1 ml, and 0.1 ml to 10 ml with 
distilled water for the other dilutions required. 
You will be issued a 10 ml sample of an unknown 
concentration of IAA. 

To perform the color test, add 2 ml of the 
aqueous solution to be tested to 8 ml of the 
Salkowski reagent in a test tube. Shake the mix¬ 
ture carefully, and allow the color to develop 
for exactly 30 minutes. Measure the light ab¬ 
sorption of the colored solution in the color¬ 
imeter, using a green filter. Arrange your tests 
so as to allow time for each absorption measure¬ 
ment. Plot the concentration against the absorp¬ 
tion. Using the curve determined from the known 
IAA concentrations, estimate the concentration 
of the unknown solution. 

C. The Effects of Auxins on 
Plant Form 

One of the most striking aspects of plant develop¬ 
ment under auxin control is cell enlargement, which 
has been considered in detail in the preceding experi¬ 
ments. In addition to controlling cell enlargement, 
auxins may affect many other aspects of plant de¬ 
velopment. In the experiments that follow, you will 
find evidence leading to the conclusion that auxins 
may either stimulate or inhibit the other fundamental 
processes in plant development—cellular differenti¬ 
ation and organogenesis. Thus all aspects of develop¬ 
ment seem to be subject to the all-pervasive influence 
of auxins; and, in fact, some fifteen or twenty distinct 
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ami separate morphological responses have been 
described as under auxin control. So many and vane 
are the responses elicited by auxins during plant 
development that much thought and research has 
been devoted to establishing the nature of some 
fundamental action that must be under auxin control. 
It is generally conceded that auxin must be involved 
in a “master reaction' within plants. Only through 
the conception of some such reaction can a unified 
and reasonable conception of auxin action in plant 
development be formulated. A clear understanding 
of the nature of this master reaction has yet to be 


achieved. 

Soon after the discovery of the control of cell 
enlargement by the auxin indoleacetic acid, it was 
discovered that this auxin also stimulates pea-stem 
cuttings to initiate cell divisions leading to the for¬ 
mation of adventitious roots; and then, in practical 
application, it was found that hard-to-root woody 
stem cuttings of certain horticultural plants can be 
made to root easily by treatment with auxins. Auxin 
thus initiates cellular divisions leading to striking and 
important changes in plant form. Cellular division 
in the vascular cambium is also under the influence 
of auxin produced by the newly opening leaves of a 
tree in the spring of the year. As the auxin moves 
from the leaves down the tree, in a basipetal 
direction, cellular divisions begin anew in the cam¬ 
bium after a winter of inactivity, and a new cylinder 
of spring xylem and phloem in the secondary tissues 
begins to be formed, increasing the diameter of the 
tree. Activation of cambial divisions starts at the top 
of the tree and progresses toward the base of the 
trunk. 

As already pointed out, auxins may stimulate a 
particular phase of development at one concentration 
and inhibit the same phase at a higher concentration, 
and a concentration that stimulates cell enlargement 
in the shoot may completely inhibit cell enlargement 
in the root of the same plant. This important dualism 
in auxin action may depend on the sensitivity of the 
particular tissue, the concentration of the endogenous 
auxin within the tissues, or other physiological condi¬ 
tions of the tissues. The dual nature of auxin action 
is seen in other phases of plant development in 
addition to cell enlargement. 

One of the most important effects of auxin acting 
as inhibitor is the inhibition of lateral bud develop¬ 
ment. Axillary buds, which are already formed in 
the axils of leaves, remain inactive as long as the 
terminal bud continues to develop as an active auxin- 
producing center. This inhibition of lateral bud 
elongation by auxin from the terminal bud is one of 
the fundamental mechanisms controlling plant form. 


Overcoming this apical dominance by the simple 
manipulation performed in Experiment 8 is an every¬ 
day practice of the gardener. 

Auxin may again play the role of inhibitor in its 

control of cellular differentiation, as will be seen in 
the experiment on leaf abscission. Auxin produced 
by the leaf apparently prevents certain steps in 
cellular differentiation that would give rise to a 
weakened cellular zone in the leaf petiole where 

abscission occurs. 

The auxin indoleacetic acid was the earliest dis¬ 
covered growth hormone having general distribution 
in plants. There is good evidence that other com¬ 
pounds, closely related chemically to indoleacetic 
acid, are active as growth hormones in the tissues of 
higher plants. Soon after the chemical nature of the 
active auxins was established, many chemical ana¬ 
logues of indoleacetic acid were tested for auxin 
activity with bio-assays such as the Avetui cole- 
optile curvature test. These chemicals, synthetic 
compounds taken from the shelf, were chosen be¬ 
cause they were related in their molecular structure 
to indoleacetic acid. It soon became evident that.a 
host of organic compounds, similar in chemical struc¬ 
ture, in at least several respects, to indoleacetic acid, 
possess auxin activity. Further tests have shown that 
these purely synthetic compounds, which, so far as 
we know, no plant produces naturally, have regu- 
latorv effects similar to those of indoleacetic acid, 
not only on cell elongation, but on many other phases 
of plant development as well. Many of these syn¬ 
thetic compounds are, in fact, even more potent than 
indoleacetic acid in affecting certain responses; but 
they may have no effect on other responses. 

The molecules of synthetic organic compounds that 
exhibit auxin activity have certain structural features 
in common. An active auxin usually has a ring system 
as a nucleus, with at least one double bond in the 
ring. To the nucleus is attached a side-chain that 
terminates in a carboxyl group. This group is 
separated from the nucleus by at least one carbon 
atom and bears a particular spatial relation to 
the ring system. Indoleacetic acid, of course, is the 
perfect model for these structural requirements. This 
generalization relating molecular structure to biolog¬ 
ical activity is perhaps the most clearly understood 
such relationship in the whole field of biology. With 
such a generalization it is possible to predict the ac¬ 
tivity of a compound from its molecular structure. 

In studying the practical control of plant form in 
agriculture by the use of these synthetic growth 
regulators, we shall have occasion to refer to several 
compounds whose names are long and forbidding. 
The structural formulas of all those mentioned in this 
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manual are presented in #2. Most of the regulators 
are derivatives of three ring structures: indole, 
naphthalene, and phenol. To show the relation to the 
basic ring structure, we place each derivative below 
its parent compound. Notice that all of the com¬ 
pounds in group B meet the structural requirements 
for auxin activity. In group C are shown substances 
that are unrelated to the foregoing, including some 
that are not regulators but are useful in such ap¬ 
plications as weed control. 

Many of the names of regulators contain numbers, 


Greek letters, or the prefixes ortho- (o-), meta- (m-), 
and para- ( p -). The number or Greek letter refers 
to the particular carbon atom in the benzene ring 
on which a substitution for hydrogen has been made. 
Ortho-, meta-, and para- indicate the position of sub¬ 
stitutions in relation to each other. If the substituent 
groups are next to each other, the substance is an 
ortho- compound; if they are separated by one 
carbon on which no substitution has been made, the 
product is meta-; and if there are two such carbon 
atoms between them, the product is para-. 


H 


H-C 

I 

H-C 


H 


C 

II 

c 


H 




C-H 

II 

C-H 


Indole 


A* PARENT COMPOUNDS 
[all lack auxin activity) 


H 

» 

C 


H-C 

I 

H-C 


C 

H 


C 

II 

C 


¥ 

c 




C-H 

I 

C-H 


C 

I 

H 


Naphthalene 


E 

OH 

I 

.c 

H-C'' ''"C-H 

I II 

H 

Phenol 


B. AUXIN PLANT REGULATORS 


H 

H-C ^ X 


C-CH 2 COOH 


H-C .C 

c 

I 

H 


C-H 


N 

i 

H 


3 - Indoleacetic acid 
(IAA) 


X 


H-C 

I 

H-C 


C 

i 

H 


C 

II 

C 


CHjCOOH 

6 -c-H 

I 

X-H 


C 

H 


OC-Naphthaleneacet-ic acid 

(NAA) 


o-ch 2 cooh 

I * 

c. 


H-C^ X-Cl 


H-C x-h 

v 

Cl 


2,4 -Dichlorophenoxyacetic 
acid (2,4-D) 


H 

c 


H 

I 

C 


H-C 


C 

I 

H 


H-C. X 

I 

H 


C—CHjCHj CH 2 COOH 

II 

C-H 


3 - Indolebutyric acid 

(I BA) 


H-C 

I 

H-C 


C 

I 

H 


C 

II 

c 


H 

C 


^C-0-CH 2 COOH 


I 


C-H 


H 


3 - Naphthoxyacetic acid 

P (NOA) 


9-ch 2 cooH 

c 

I II 

Cl 

2 - Methyl -4-Chloropheru- 

oxyacetlc acid (MCPAj 


H CH 2 COOCH 5 

H-C'^C^^C-H 

I II I 

H - C ^ C / C ^ C ^ C - H 


H 


H 


O-CHjCCTOH 


Q 

H-C^ ^C-H 


H ' C ^c" C ' H 

c’l 


Methyl ester of 
Of - Naphthalene ace tic add or 
Methyl naphthaleneacetate (MENAJ 


4 or para -ChipropHenoxy- 

acetic acid 


THE EFFECTS OF AUXINS ON PLANT FORM 


C. NONAUXIN PLANT REGULATORS 


OH 

C. 


0>N- C'' "C-CHCH 2 CH 3 

I II 

H-C^ .C-H 


ch 3 


h 2 c = ch 2 

Ethylene 


H-C 


N-H 


V 

no 2 


2 , - Binitro - ort-ho - secondary 

fouTylphenol (DNOSBP) 


?H 3 

H-N-COO-CH 

^c: ch. 


H H 

Cl— C — C — OH 

I • 

H H 

Ethylene chlorohydrln 


H-C. .N-H 
^C^ 

li 

o 

Nlaleic hydrazide 

(MH) 


2 cont 


H-C C-H 

I II 

H ' C ^ C ' H 

H 


H 2 N 


H Z N 


C=S 


C-H 


Thiourea 


Isopropyl phenylcanbamate (iPC) 

Some of the effects that auxins have on plant de¬ 
velopment are studied in the following experiments. 
Every one of these effects has implications for 
agriculture. The practical application of auxin-con¬ 
trolled development of agricultural crops has almost 
invariably involved the use of synthetic auxins rather 
than indoleacetic acid. Each compound has been 
chosen to do a job. Choice of a regulator depends 
upon its effectiveness, its stability, the ease of for¬ 
mulating sprays or dips, the rate of its penetration 
into the plant, the specificity of its effect, its cost of 
manufacture, its toxicity to man and other animals, 
etc. A host of factors must be considered in the large- 

scale use of these potent chemical regulators of plant 
development. 

Many of the practical uses of regulators simply 

involve methods of augmenting or decreasing the 

effective concentrations of natural auxins and thereby 

of enhancing the normal effect of auxins either in 

stimulating or in inhibiting the desired develop¬ 
mental phase. * 

iU ‘ hiS part ’ then - " e concerned 
w.th the effects of auxins on a number of phases of 

plant development and include a consideration of the 
the D lrr , ° f th “ e eff6CtS in “^culture. 

The practical apphcation of these regulators to 
agriculture constitutes the “chemical revolution” 
referred to in an earlier discussion. 

to aul 0f tr th L m0Sl ge |! eral mor P hoI °gical responses 
o auxin treatment is the initiation of roots on stems 

aves roots, and other plant parts. The effectiveness 

of auxins a> root initiation has led to their wide 

spread use in the propagation of woody and her 

baceous plants. In the initiation of a rootle IZt 


Coumarin 


recognizable structure is an organized root primor- 
dium within the stem tissue. After its initiation, the 
cells of the root elongate, and the root projects 
through the tissues of the stem and develops as a 
normal root structure. Although the initiation is 
stimulated by auxin, the subsequent elongation of 
the root is inhibited by auxin, which must therefore 
be removed to allow optimal root development. 

The exact action of auxins in inducing root for¬ 
mation is not known. Other factors than auxin, some¬ 
times merely nutritional factors, interact in the 
initiation process. In stem tissues, the principal 
additional factors that can interact in the initiation 
of roots are carbohydrates and nitrogenous sub¬ 
stances. It is for this reason, apparently, that the 
rooting of auxin-treated stem cuttings is facilitated 
by the presence on the cutting of leaves that provide 
t ese nutritional factors. The leaves may also function 
as a source of auxin. In general, the number of roots 
initiated by auxin treatment is proportional to the 
applied auxin concentration, up to an optimal level 
Higher concentrations then become inhibitory In 
Experiment 7 you will study the stimulatory effect 
ot auxin treatment on root formation. 

In commercial practice, most plant propagation is 
by stem cuttings-that is, stem segments, usually 
w.th several leaves attached, cut from the parent 
Plant. Cuttings may be made from roots. leaves, or 
other plant parts as well. Stems of some plants sLch 

wbMkT’ n , 0rmaUy1>ave Pre-existing root prim’ordia 
which develop under favorable conditions. Stems of 

other plants do not have such primordia but wdl 

initiate them under appropriate cultural condition! 

Auxins usually accelerate such root formation, re^ 
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ducing the lime for rooting by over a third, and at 
the same time producing a much heavier root system. 
Auxins sometimes induce roots in stem cuttings that 
seldom produce roots without auxins even under 
optimum cultural conditions. For these reasons, auxins 
have found widespread use among nurserymen, 
florists, horticulturists, and home gardeners. 

The principal commercially used auxins are indole- 
butyric acid and a-naphthaleneacetic acid. Com¬ 
mercial preparations commonly require one of three 
treatments: (1) applying talc powders to the bases 
of the cuttings; (2) dipping the bases into concen¬ 
trated auxin solutions for short periods; (3) soaking 
the bases in dilute auxin solutions for one or two 
days. The cuttings are then usually planted out in 
sand, vermiculite, or other suitable rooting medium 
and provided with appropriate cultural conditions. 


Experiment 7. Root Initiation 

Soak 30 seeds of common garden bean, 
Phaseolus vulgaris, for about 1 hr in tap water in 
a beaker. Plant the seeds well apart and about 
1/2" deep in a small, paper-lined flat of sand. 
Water the sand thoroughly; then germinate in 
the dark at 25°C for 5 days, until the hypocotyls 
begin to show. Transfer the flat to the green¬ 
house, and grow for an additional 7 days, until 
the plants have formed a pair of simple leaves. 

Completely cover the outside of 4 half-pint 
screw-cap jars with heavy aluminum foil. Tie a 
tag round each jar neck with string. Fill each 
jar with 200 ml of one of the following solutions, 
and label: 

1. Distilled water. 

2. Quarter-strength Hoagland solution with 
added micronutrients. 

3. As in No. 2, plus 0.1 mg indoleacetic acid 
per liter. 

4. As in No. 2, plus 1.0 mg indoleacetic acid 
per liter. 

Cover each jar with the five-holed tin lid, and 
screw it in place. 

With a sharp razor blade, excise each bean 
plant at the level of the earth, remove both 
cotyledons, cut the hypocotyl 5 cm long, as meas¬ 
ured from the point of cotyledon attachment to 
the cut base. Immediately put the hypocotyl 
through one of the holes in the lid and into the 
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figure 8 Sectional view of jar with plants 
in solution to be tested for its effect on 
root initiation. 


solution, with the pair of leaves projecting above 
the lid and the cotyledonary stumps below the 
lid. Repeat the procedure, 1 plant at a time, 
working rapidly to avoid drying of the plants, 
until 5 plants have been placed in each jar (Fig. 
8). Select plants as similar as possible. Place the 
jars in a row on the shelf above your laboratory 
bench. Do not place jars in the greenhouse, for 
there they would suffer excessive water loss. 

One week later, measurements may be made. 
Unscrew the cap, remove the lid, and cut each 
hypocotyl just above the cotyledonary stumps to 
facilitate handling. Make the following measure¬ 
ments on each hypocotyl. 

1. Number of rows of lateral roots. 

2. Number of lateral roots (longer than 1 mm) 

in each row. 

3. Number of lateral root primordia (shorter 

than 1 mm) in each row. 

4. Length of lateral roots in mm. 
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Determine the averages for each treatment, 
and summarize the results in the table on your 
report sheet. 

Auxin in its role as inhibitor controls the develop¬ 
ment of lateral buds. The auxin is produced in large 
amounts in the young developing terminal bud. As 
the auxin moves down the stem, it promotes cell 
elongation in the stem and at the same time prevents 
development of lateral buds in the axils of leaves 
along the stem. The continued development of a single 
main shoot axis, with the suppression of axillary 
buds, is usually referred to as apical dominance. 
Such dominance can be easily upset by simple ex¬ 
perimental procedures, as will be seen in Experiment 
S. 

Whether a plant is unbranched or highly branched 
is usually related to the amount of auxin produced 
in the terminal bud. It has been possible to promote 
lateral branch development not only by removal of 
the terminal bud, but also by the application of 
certain chemicals and by the use of physical condi¬ 
tions that reduce the amount of auxin in the plant. 
Our knowledge of how to overcome apical domi¬ 
nance is applied in the “pinching out*’ of the tips 
of stems, the pruning of plants in order to shape 
them and to develop a bushy form, and other familiar 
garden procedures. 

The artificial inhibition of lateral shoot develop¬ 
ment by application of auxins, which is a phenon- 
enon closely related to apical dominance, induces 
a state of inactivity usually termed dormancy. 
Induced dormancy in shoot development will be 
discussed in reference to later experiments. 

One of the frequent localized responses of tissues 
to auxin treatment is rapid and random cellular 
divisions, which give rise to cellular proliferations 
of a disorganized sort. Such masses of undifferentiated 
or poorly differentiated tissues are termed callus 
tissues and result frequently from localized activity 
of cambial cells. Wounded or cut stems are fre¬ 
quently observed to form callus tissue when treated 
with auxins. In the course of Experiment S, watch 

for callus formation as one of the responses to auxin 
treatment. 


Experiment 8. Bud Inhibition 
and Apical Dominance 

I™ 1 S6eds ’ varie ‘y AIaska . “ washed 

and m a 4 pot, and place the pot in the dark 
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at 25'C. Use a pot label to identity your plants. 

On the 5th day after planting, cut off the 
shoots of two-thirds of the plants just below 
the lowest pair of leaves. Mark half of these with 
reinforcement rings, and apply lanolin paste con¬ 
taining 400 ppm IAA to the decapitated surface; 
to the other half apply plain lanolin paste. The 
intact plants should be left for comparison. Re¬ 
turn the pot to the dark in your locker. During 
each laboratory period renew the lanolin paste 
in each treatment. 

On the 14th day after decapitation, measure to 
the closest mm the length of the axillary buds 
that have developed in the axils of the cotyledons 
in the three sets of plants. Measure in mm the 
diameter of the stem at the level of the cut 
surface in the decapitated and intact plants. Also 
observe the microscopic demonstration of cross- 
sections of treated and untreated stems. 


Another process in plants that is found to be under 
the control of auxins is abscission, the shedding or 
separation of parts from a plant. The dropping of 
leaves from deciduous trees and shrubs in the autumn 
is a familiar example. Leaves are not the only parts 
that abscise, however. Abscission of branches, in¬ 
florescences, flowers, petals, fruits, and still other 
plant parts may occur. 


I1WW 


-' » 
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the differentiation of a specialized zone of cells, the 
abscission zone, across the base of the petiole. Before 
abscission the intercellular cementing material dis¬ 
appears, and the cells separate; only the vascular 
strand remains intact. Abscission of the organ then 
usually occurs by a mechanical breaking of the 
vascular strand. As long as a good supply of auxin 
is produced in the organ and moves down through 
the petiole, the abscission zone does not form. When 
the auxin supply decreases, as when a leaf becomes 
old abscission is to be expected. Removing the leaf 
blade, as in Experiment 9, is also an effective wav 
of cutting off the auxin supply. The abscission of leaf, 

flower, fruit, and other organs appears to be under 
the same sort of auxin control. 

The knowledge tl.at auxins control abscission has 
made possible widespread agricultural application in 

the control of leaf, flower, and fruit drop. In all of the 
uses briefly mentioned below the effectiveness of 

oendT ".r 8 " I 1 * 015 in COntroUin g abscission de¬ 
nature UP T He Plan *’ the time of treatment, the 
nature and concentration of the auxin, etc. No really 
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general rules can be given; the proper procedure 
must be worked out for each situation. Moreover, 
the chemicals are extremely potent, and drifting of 
the spray to adjacent fields must be avoided. It is 
also necessary to clean all equipment rigorously so 
as not to leave a residue that might get into a spray 
for a different crop and produce undesired results. 

The auxin 2,4-dichlorophenoxyacetic acid (2,4-D; 
see #2, p. 26) has been used successfully to prevent 
the defoliation of cabbage and cauliflower that often 
occurs during harvest. The spray is applied just 
before harvest. When citrus trees are sprayed with 
oils to control red scale, defoliation often follows. 
This can be prevented by including some 2,4-D in 
the spray. Of interest, too, is the effect of spraying 
holly with naphthaleneacetic acid (NAA), which 
prevents defoliation and loss of berries during ship¬ 
ment. For these purposes a concentration in the 
range 25-100 ppm is effective. 

The premature abscission of ripening fruit is now 
controlled by spraying with NAA and 2,4-D. These 
sprays are very dilute, varying from 5 to 10 ppm. 
It is estimated that losses from pre-harvest fruit drop 
of pears and apples have been reduced as much as 
60-80 percent; and, according to some reports, the 
eating quality of the fruit is actually improved! Some 
success has been obtained in the prevention of flower- 
bud and petal drop, although many plants are 
unresponsive. 

The preceding applications are based upon the use 
of auxins to prevent abscission. Equally important in 
agricultural practice is the controlled stimulation of 
abscission. Certain manipulations will effectively 
reduce auxin levels in the organ and thus lead to ab¬ 
scission. The mechanical harvesting of cotton is facili¬ 
tated if there are no leaves on the plants. It is now 
common practice to remove leaves chemically by 
the use of reagents that kill the leaf blades and 
thereby accelerate the formation of the abscission 
zone. Abscission then follows. Methods for defoliating 
nursery stock have also been developed. Many fruit 
trees set a greater number of fruits than will mature 
satisfactorily. Usually a certain proportion of the 
voung fruits abscise normally, but frequently hand 
thinning of the trees is necessary if optimum fruit 
production, which will not overburden the tree, is to 
be achieved. It has been found that, in place of the 
expensive hand thinning, NAA spray at 10-20 ppm, 
applied during blooming, produces satisfactory thin¬ 
ning in certain fruit varieties. One reasonable ex¬ 
planation of this effect is that the added auxin 
actually delays the normal dropping of very young 
fruit and results in a heavier and more effective drop 
subsequently. 


Experiment 9. Auxin and Leaf Abscission 

Young Coleus plants in pots will be provided. 
Starting with about the third macroscopically 
visible leaf pair below the apex, cut the petiole 
of the leaf at the base of each leaf blade of three 
successive pairs of leaves (Fig. 9). To the cut 
surface of three debladed petioles apply plain 
lanolin paste; to the other three apply small dabs 
of 0.1% indoleacetic acid in lanolin paste (1,000 
ppm). Be sure to label with reinforcement rings 
the IAA-treated petioles. Measure and record the 
length in mm of each petiole immediately after 
deblading and at weekly intervals until the end 
of the experiment. Place the plant on your desk 
shelf, and observe for the next 3 weeks. Record 
the time at which the petioles drop off. Deter¬ 
mine the average time in days for petiole drop 
for each treatment. 


figure 9 Experimental procedure to dem¬ 
onstrate the relation between auxin and 
leaf abscission. Here only the first of three Q 
leaf pairs has been removed. 
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The substance 2,4-D acts in many ways like the 
known growth hormone, IAA, in stimulating or 
inhibiting processes of plant development. Com¬ 
mercially, it is one of the more widely used auxins, 
particularly in selective weed control (which will be 
discussed later). Compared with the natural auxin 
IAA, 2,4-D appears to be physiologically more active 
in eliciting certain plant responses, is less readily 
destroyed in plant tissues, and is less expensive. 
Experiment 10 is a bio-assay for 2,4-D and is based 
on the inhibition of root elongation. 

A number of bio-assays for auxins are based on 
the inhibition of root elongation. Because of its great 
sensitivity to auxins, root growth should provide a 
very sensitive assay method (Fig. 5). In practice, 
however, reliable quantitative tests are usually 
limited to the inhibitor)' ranges of auxin concen¬ 
tration. Although stimulation of root growth can be 
demonstrated with extremely low concentrations, 
ambiguity arises from the shape of the curve, for 
the same response could be related to two quite 
different concentrations. That root growth is stimu¬ 
lated at extremely low auxin concentrations (lO" 11 
M IAA, for example) is considered by many as 
evidence that root growth is under the control of 
auxin. The nature of this stimulation is, in fact, poorly 
understood. 



Experiment 10. Bio-assay for 2,4-D 

Place a piece of filter paper in each of 7 clea; 
Petri dishes. From the stock solution provide 
(100 mg 2,4-D per liter of 0.1* NaOH) make u] 
10 ml amounts of each of the following coil 
centrations of 2,4-D in M/15 phosphate buffe 
solution at pH 5.6: 0, 0.001, 0.01, 0.1, 1.0, am 
10.0 mg per liter. You will be given a solution o 
unknown concentration as well. Number th, 
dishes from 1 through 6, add 10 ml of the solutioi 
to each dish, and make a record in your note 
book of each dish number and its 2,4-D con 
centration. Add the unknown solution to dish 7 
Place 15 cucumber seeds in each, cover, and stor< 
m the dark in your locker for 5 days. Then re 
move and measure to the nearest millimeter th« 
length of the primary root of each seedling 
Calculate the average root length for the seed 
hngs of each treatment. Determine the standarc 
deviations and standard errors of each set. Plol 

r.foTA age r ° 0t elongation against ‘he logarithm 

of 2,4-D concentration. 


Under the cloak of military secrecy, during World 
War II, it was discovered that auxins, though at very 
low concentrations stimulating the growth of plants, 
at slightly higher concentrations actually kill certain 
types of plants. Extensive research on the herbicidal 
action of growth regulators was pressed by the 
military’ because of its possible usefulness in bio¬ 
logical warfare. The knowledge became public in 
1945, after the war, and resulted in further extensive 
investigations into all aspects of the selective her¬ 
bicidal action of auxins. Almost immediately, the 
herbicidal use of auxins in agriculture began. In 
1952, some 60 million pounds of 2,4-D were produced 
in the United States and used on approximately 50 
million acres of land. For 1954, the estimate was that 
85 million pounds of herbicides would be used for 
weed-control on agricultural and nonagricultural land 
in the United States. 


Before auxins came into widespread use as her¬ 
bicides, other chemicals, such as arsenicals and oils, 
had been used to kill plants. What, then, are the 
advantages of the auxins, and why this tremendous 
use in agriculture? There are four main reasons. (1) 
The herbicidal action of the auxins is selective. That 
is, application of a herbicidal auxin to a field crop 
results in the death of one or more species of plants 
—the weeds—without affecting in any way the other 




1 --XT ^vuviui & UlU) 

herbicides similar to 2,4-D are very effective killers 
of the broad-leaved plants but have little effect on 
the grasses and many other monocots. Wild mustard, 
for example, a common weed in grain fields, can be 
effectively eradicated by spraying the entire field 
with 2,4-D. Choice of the auxin to fit the plant 
species and the physiological status of the plants 
determines the selective action. Continued research 
has developed specific chemicals that, when applied 
at particular stages of plant development, will kill 
different groups of plants and even particular plants 
without harming others. (2) Toxic residues disappear 
from the soil, usually in a few weeks. Many of the 
old arsenical herbicides rendered the soil unusable 
for years. (3) The auxins are economical since they 
are effective in fairly low concentrations. These con¬ 
centrations are, of course, many times higher than 
those used to produce nonherbicidal effects such as 
growth stimulation and root initiation. For example 
while only a few parts per million are required to 
contro 1 fruit abscission, a thousand or more parts per 
million (about a pound per acre applied in an 
aqueous spray) are needed for herbicidal action. (4) 
The auxrns at the concentrations used are apparently 
not taxic to human beings or to animals. 

The effectiveness of the killing action of the auxin 
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herbicides depends upon three processes: the material 
must first enter the plant; then it must be trans¬ 
located throughout the plant; and toxic action at 
the level of cellular metabolism must occur. The 
absorption of the spray depends on the physical 
structure of the leaves (that is, the presence or 
absence of a wax)- surface), the temperature at the 
time of application, the permeability of the cellular 
membranes, etc. Most sprays contain carriers such as 
detergents or emulsifying agents, which greatly affect 
the rate and amount of absorption of the auxin. The 
herbicidal effect depends also on the translocation of 
auxin throughout the plant. If the application is so 
high that the leaf tissues are killed immediately upon 
absorption, the auxin will not be moved out of the 
leaf, and the plant as a whole will not be killed. 
Although there are several theories that attempt 
to explain what the ultimate toxic action at the 
cellular level is. none is adequate; and all, to be 

understood, must await our studv of metabolism. 

* 

We cannot discuss here the many different situ¬ 
ations in which the auxin herbicides and related 
compounds are effective. The following list of specific 
uses is but a sample. 

1. Selective killing of dandelions and broad-leaved 
plantain in lawns by 2,4-D. 

2. Weeding of small-grain crops (wheat, rice, 
barley, etc.) by spray application of 2,4-D or 
2-methvl-4-chlorophenoxyacetic acid (MCPA; 
see #2, p. 26) or 2,4,5-trichlorophenoxyacetic 
acid (2,4,5-T). 

3. Weed control in corn and potato fields by pre¬ 
emergence treatment with 2,4-D. The herbicide 
is applied to the soil just after planting. Weeds 
are killed in the early seedling stage. 

4. Control of pernicious woody perennials, such as 
mesquite, poison ivy, and poison oak, with 
2,4,5-T. Over one million acres are being treated 
each year in the southwestern United States. 

5. Elimination of woody plant growth, but not 
of grasses, along railroad and utility rights of 
way. 

6. Killing of water hyacinth in the waterways of 
the southern states. 

7. A number of herbicides not of the auxin type, 
such as isopropyl phenylcarbamate (IPC; see 
#2, p. 27), selectively eradicate weed grasses 
that are insensitive to the auxin herbicides. 

Experiment 11. The Selective Action of Her¬ 
bicidal Synthetic Growth-regulating Substances 

Two seed lots are provided. Seed lot A is a 
mixture of peas and mustard seed, and seed lot 


B is a mixture of barley and radish seed. Sprinkle 
seeds from lot A sparingly on soil in two 4" 
pots. Similarly sow two 4" pots with seeds from 
lot B. Cover the seeds with a shallow layer of soil, 
moisten with water, label each pot, and place 
in the greenhouse. The plants should be watered 
regularly and provided with routine greenhouse 
care. They will be ready to treat in 3-4 
weeks. 

Using extreme care to avoid drifting of the 
herbicide sprays, and in the place set aside for 
the purpose, spray the plants with solutions until 
they drip, using the hand spray guns provided 
(Fig. 10). 

Spray 1 pot of each seed lot (A and B) with 
a O.lx solution of a dinitro selective herbicide 
(e.g., the ammonium salt of dinitro-ortho-second- 
ary-butvl-phenol). The chemical structure is 
shown in #2, p. 27. 

Spray 1 pot of each seed lot (A and B) with 
a 0.2*c aqueous solution of 2,4-D (2,4-dichloro- 
phenoxyacetic acid). 

Wash your hands carefully after spraying! 

Place the pots of treated plants in the des¬ 
ignated area, and observe weekly for the next 
3 weeks. Record these observations and the final 
results of the treatment in each case. 


figure 10 Protective box arranged to pre¬ 
vent drift in the spraying of plants with 
selective herbicides. 
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The continuing search for new chemicals pos¬ 
sessing auxin activity has revealed substances that 
counteract the effects of auxins. For example, certain 
substances will prevent the auxin-stimulated elonga¬ 
tion of Avena coleoptile sections or counteract auxin 
inhibition of root elongation. When such substances 
inhibit competitively, they are called anti-auxins. 

One such compound is maleic hydrazide (see #2, 
p. 27). This substance first attracted attention be¬ 
cause it retards over-all plant growth without any 
obvious developmental—that is, morphological—ab¬ 
normalities. Later it was found to counteract many 

* 

of the effects of auxins such as those seen in apical 
dominance and in curvature in the Avena coleoptile 
test. This substance is used in Experiment 12. As a 
chemical means of overcoming apical dominance, 
and thus as a substitute for the manual pinching out 
of chrysanthemums and other flowers when a much- 
branched plant is desired, it may find practical ap¬ 
plication. As a general growth-inhibitor that does not 
produce distortion, it can be used to slow down the 
growth of lawn grass and, as we shall see later, to 
prevent sprouting of tubers, onions, and similar 
storage structures. 


Experiment 12. Inhibition of Plant Development 
by Maleic Hydrazide 

Transplant two 4" high tomato seedlings to 
each of two 4" pots, water them, and allow them 
to grow for an additional week in the greenhouse. 
Label each pot with your name. 

On the 7th day, using an atomizer, spray one 
entire plant with a sufficient volume of 0.4 % 
aqueous solution of maleic hydrazide to thor¬ 
oughly wet all surfaces of the plant. Continue the 
untreated plant as the control. 

Observe the two plants over the period of the 

next 4 weeks. At the end of the 4th week, make 

the following observations: ( 1 ) total height of 

each plant in centimeters; (2) development of 

axillary buds and form of leaves; (3) color and 
appearance of plants. 


» 


Another important effect of auxins on plant d 
velopment, not considered here experimentally 
then control of fruit development. Here, auxins ’a, 
parently play a multiple role. In normal fruit d 
velopment, the initial step leading to fruit-formatic 
'A P oll ''>ation-that is, the transfer of pollen fro, 
the male structures of the flower, the anthers, to th 
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the flower, the pistil. The pollen normally pro¬ 
vides the hormonal stimulus that initiates the swelling 
of the ovary, the basal swollen area of the pistil, 
which ultimately becomes the fruit. The initiation 
of growth of the fruit, technically termed fruit-set, is 

controlled bv auxins and can be caused artificially 

* • 

without pollination by direct or spray application 
of synthetic auxins to the plant at the appropriate 
stage of flowering. The production of fruit without 
pollination is called parthenocarpy. Since pollination 
does not occur, and fertilization cannot follow, par- 
thenocarpic fruits do not produce seeds. Partheno¬ 
carpy may be initiated in a number of ways, and 
some plants are normally parthenocarpic. Auxin 
control of fruit-set gives us a practical means of 
producing parthenocarpic fruit at will. 

The auxins are widely used commercially to ensure 
fruit-set, especially in tomato plants. In addition, 
successful fruit-set by auxin application has been 
obtained with the production of seedless fruit in 
cucumber, pepper, squash, blackberry, grape, and 
other plants. Particularly effective in fruit-set control 
are a-naphthaleneacetic acid, p-chlorophenoxyacetic 
acid, and £-naphthoxyacetic acid (see #2, p. 26). 

A particularly interesting application has been 
made with the Calimyma variety of fig, growm 
widely in California. Fruit-set occurs only after 
pollination by the fig wasp. The wasp lives in the 
wild fig tree, the caprifig, which also bears the male 
flow-ers. To ensure pollination, these caprifigs must 
be interplanted with the Calimyrna trees, or branches 
of the caprifig must be hung in the trees. This is an 
expensive and uncertain procedure. Now the wasp 
can be replaced by an auxin. Spray treatment with 
an auxin such as 2,4-D results in “seedless” figs. Such 
figs, however, lack the grittiness and nutty flavor 
provided by the “seeds” and are not acceptable to 
the public. Recently another auxin has been found to 
bring about both fruit-set and the differentiation 
of the hard nutty tissue of the natural fig. Such is 
the progress of auxin technology. 

Another role is played by auxins in fruit develop- 
ment. Once the normally pollinated flower has begun 
frm development, the developing seeds within the 
fruit provide a continuous supply of an auxin that 
stimulates enlargement of the cells surrounding the 
seeds and thus brings about the normal swelling of 
he fruit as a whole. The most striking evidence for 
the control of fruit development by an aux n p 
duced by the seed can be seen in'the stnTbem- 
Here the seeds, or achenes, are on the outside 

the fruit, which is largely receptacular tissues 
They produce an auxin that causes enlargement 
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the tissues in which they are embedded. If the 
achenes do not develop normally, because of poor 
pollination, the strawberry becomes misshapen and 
distorted. Spray treatment with auxins will permit 
full development even in the absence of the achenes. 
The auxin produced by seeds appears to be the con¬ 
trolling factor in fruit abscission as well as in the rate 
of development and maturation of the fruit. 


D. Dormancy 

Plants do not necessarily develop continuously 
throughout their entire life cycle. The most common 
stage of arrested development is the mature seed. 
Seeds may remain viable and yet be prevented from 
germinating for extended periods of time if they are 
kept at an appropriate degree of dryness. Similarly, 
the mature buds of many trees and of tubers and 
similar storage organs may show a temporary sus¬ 
pension of development. This suspension may be 
either quiescence or dormancy, and the structure is 
said to be quiescent or dormant. A quiescent seed 
is one that will germinate whenever it is provided 
with the normal requirements for initiating develop¬ 
ment—that is, ample water and oxygen and a suit¬ 
able temperature. A dormant seed or bud is one that 
fails to germinate or sprout even when the usual 
prerequisites have been supplied. We will study first 
seed dormancy and then bud dormancy. 

Dormant seeds fail to germinate under apparently 
suitable conditions of optimum temperature and 
adequate moisture and oxygen for a variety of 
reasons, some of which you will discover in Experi¬ 
ment 13. A common type of seed dormancy is im¬ 
posed by seed coats that are impermeable to water 
or to oxygen. A simple test for dormancy due to 
seed-coat restriction is to cut or otherwise break the 
seed coat, permitting water and oxygen to penetrate 
and allow subsequent germination. Any treatment 
that breaks or weakens the seed coat is called 
scarification. In practice, when large numbers of 
seeds are handled, scarification may be accomplished 
by shaking the seeds with sharp abrasive materials 
like sand or by treating them with strong chemical 
reagents such as sulfuric acid. Impermeability is not 
always due to a hard outer seed coat. In certain 
seeds, the impermeable layer is the thin, papery, 
inner seed coat. On the other hand, a hard seed 
coat may cause dormancy, rr*t because it is im¬ 
permeable, but because it is so strong that it 
mechanically prevents expansion of the embryo even 
though the latter is adequately supplied with water 


and oxygen. Here, too, germination depends on 
breaking the seed coat 

In nature, impermeable or mechanically resistant 
seed coats are weakened and broken in a variety of 
ways: by alternate wetting and drying, by freezing 
and thawing, by abrasion by sand in the deserts, by 
microbial activity, and by fire. The effectiveness of 
fire in breaking seed-coat dormancy accounts for the 
fact that certain species of plants are seen only 
during the year or two immediately following a fire. 
Quiescent seeds do not always germinate in nature 
as soon as they mature. This is simply because they 
lack water or oxygen for germination or because the 
surrounding temperature is too low. The luxurious 
crop of weeds that often follows plowing appears 
to spring from seeds, now brought to the surface, 
which had inadequate oxygen or excessive carbbn 
dioxide when buried. 

Another type of seed dormancy is caused by the 
presence of germination inhibitors—that is, chemical 
substances that inhibit seedling development. Often 
the inhibitors are removed by simple leaching with 
water. Germination inhibitors occur commonly in 
the seeds of desert plants and are washed out only 
by heavy rainfall. This mechanism ensures for the 
germinating seedling an adequate supply of moisture 
and has real survival value to the species. The pulp 
of many fruits, such as tomato and citrus fruits, 
contains germination inhibitors that prevent seeds 
from germinating while still within the fruit. 

Still another type of dormancy is found in certain 
seeds that require exposure to light before they will 
germinate. In certain varieties of lettuce, light in the 
red portion of the spectrum breaks seed dormancy. 
Dormancy can be quickly reimposed by brief ex¬ 
posure of the seed to near infrared light (see action 
spectrum, inside front cover). One interpretation is 
that the light, after its absorption by some pigment, 
inactivates (red) or activates (near infrared) some 
inhibitor of germination. An equally plausible theory 
is that red light activates a compound essential for 
germination and that near infrared inactivates the 
compound. Left to be identified by future research 
are the light-absorbing pigment, the active sub¬ 
stances, and the biochemical mechanism of the con¬ 
trol of germination. 

Many kinds of seeds, such as those of roses, 
peaches, apples, and pears, require exposure to 
temperatures of 5-10°C for periods of from two to 
three months before they will germinate. Embryos 
excised from untreated seeds fail to grow, indicating 
that the seed dormancy is not due to the seed coat 
or to germination inhibitors but that the low-temper¬ 
ature treatment brings about, in the embryo itself. 
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changes that prepare the seed for germination. The 
changes effected by the low-temperature treatment 
are called after-ripening. In horticultural practice, af¬ 
ter-ripening is encouraged by storing seeds in moist 
peat, sand, or vermiculite at temperatures of about 
5°C for from one to three months. The treatment is 
called stratification. In nature, of course, the seeds 
after-ripen over the winter in the damp soil. 

One further type of dormancy is found: in seeds 
that are shed before the embryo is completely 
formed, germination is not possible until the embryo 
is fully developed. Rudimentary embryos are found 
in the seeds of mature fruit in many of the orchids, in 
ginkgo, holly, and other plants. 

Our knowledge of seed dormancy and of the 
methods of overcoming each of the different types 
has considerable economic importance. It is often 
desirable to use seed soon after harvest. The various 
methods of breaking dormancy, such as scarification, 
stratification, exposure to light, and the leaching out 
of inhibitors, have been developed by plant growers, 
mostly empirically, over the years. Little is under¬ 
stood about many fundamental aspects of seed 
dormancy and about the factors that control seed 
germination. With increasing knowledge in this field 
in the future, there is great promise for ultimate 
success in the complete manipulation of seed germi¬ 
nation to meet man’s needs. 


Experiment 13. Seed Dormancy 


A. Impervious Seed Coat. Select 20 seeds of 
Phacelia nemoralis or some other suitable spe¬ 
cies.® Place 10 seeds on filter paper in one of the 
Petri dishes provided. With a razor blade care¬ 
fully cut through the outer seed coat of each 
of the other 10 seeds, and remove a small piece of 
the coat, exposing the inner tissues. Place these 
seeds on filter paper in a second dish. Add 3 ml 
of distilled water to each dish to moisten the 
filter paper, label each dish with a number and 
the date, and place in the dark at 25°C. Compare 
germination under the two treatments at the end 

of 48 hr, and record the percentage of germi¬ 
nation. 


B. Chemical Factors. Place filter paper in th< 
bottom of three Petri dishes, and place 50 dr 

0 Many wild flowering annuals, as well as woody shrubs an. 
trees, possess hard-coated seeds which are convenient to us 
in this experiment In particular, many of the leguminou 
plants have hard seed coats. Selected seeds of the foUowin 
readily available genera may be found useful in this expert 
inentj MeUlotus (sweet clover), Medlcago sattva (alfalfa) 
\ tcia saliva (vetch). Acacia. Gleditsia (honey locust). 
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lettuce seeds (variety Grand Rapids) in each 
dish. To dish 1 add 3 ml of distilled water, to 
dish 2 add 3 ml of 40 mg/liter coumarin solution 
(see # 2, p. 27), and to dish 3 add 3 ml of 0.5 C < 
thiourea solution (see #2, p. 27). Cover the 
dishes, and immediately place in the dark at 25°C 
to germinate. Observe after 48 hr. Record the 
percentage of germination in each treatment. 

C. Physical Factors. Prepare 3 Petri dishes 
with filter paper and 3 ml of water as in part B. 
Using dim blue light, place 50 lettuce seeds 
(variety Grand Rapids) that have been soaked 
in the dark 16 hr in each of the 3 dishes. After 
removing the Petri dish covers, expose all 3 
dishes (1, 2, and 3) to 4 min of red light (wave¬ 
lengths longer than 6,100 A). Cover dish 1, and 
place in the dark at 25°C immediately. Expose 
dishes 2 and 3 to 8 min of near infrared light 
(>7,000 A). Cover dish 2, and place in the dark 
at 25°C. Re-expose dish 3 to 4 min of red light, 
cover, and place in the dark at 25°C. Record the 
percentage of germination in each dish after 
48 hr. 


One of the problems of seed-testing laboratories 
is that of determining the percentage viability of 
seed lots. The usual procedure is to grow the seeds 
under certain prescribed conditions, usually specified 
by law, and observe the number that germinate. 
When the seeds require long periods at low temper¬ 
atures for after-ripening, or when the nature of the 
dormancy is unknown, a quick and reliable test of 
viability, one that does not depend upon actual 
germination of the seed, is needed. Two such tests 
have been developed and are widely used in labora¬ 
tories. 

One test is used when the dormant condition does 
not reside in the embryo itself. The embryo is 
isolated—that is, removed from the rest of the seed 
—and placed on moist filter paper in Petri dishes 
in the laboratory. Viable embryos, though not neces¬ 
sarily normal, will develop, whereas nonviable em¬ 
bryos will deteriorate. Although this method is quite 
reliable, it obviously requires care and time. 

The other test is the one used in Experiment 14. 
It is based on the fact that viable seeds respire and 
thus are capable of changing colorless tetrazolium 
dyes into highly colored compounds by chemical 
reduction (see section IV, Metabolism). If the seed 
i* dead, hence not respiring, the dye is not reduced 
to the colored substance. In Experiment 14 the dye 
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used is 2,3,5-triphenyltetrazolium chloride, which is 
reduced according to the reaction shown in #3. 

Experiment 14. Testing for Seed Germinability 

Select 20 barley seeds from each of the seed 
batches, A and B, provided. Soak each batch 


figure 11 Procedure for testing seed ger¬ 
minability with tetrazolium. A: Seed 
halves soaking in solution. B: Diagram¬ 
matic view of longitudinal section of bar¬ 
ley seed. 



separately for 2 hr in distilled water, making sure 
that the seeds are thoroughly wet. 

Select 10 seeds from each hatch after soaking, 
and place on moist filter paper in Petri dishes. 
Label, and place the dishes in the dark in your 
locker. Record the number of seeds that germi¬ 
nate in each dish. 

With the other 10 seeds from each batch make 
the following test. Cut each seed carefully in half 
longitudinally through the center of the embryo 
(practice on an extra seed first; see Fig. 11). Place 
the halves in open 60 X 15 mm Petri dishes 
containing a 0.1% solution of tetrazolium chloride. 
Keep batches A and B separate, making certain 
that all seeds are completely immersed. Place 
the dishes in the dark for about 1/2 hr; then 
examine and record for each batch the number 
of seeds in which the embryos are stained car¬ 
mine red. Record the results, and compare with 
the seed-germination tests when they have been 
completed. Diagram a sectioned seed to show the 
stained embryo. 

Within the dormant terminal buds of many de¬ 
ciduous trees there exist in embryonic form all of 
the structures that will produce the growth for the 
next season. The embryonic leaves bear in their axils 
minute embryonic lateral buds. With the coming of 
spring in the temperate climates the dormant bud 
initiates its development, and during the spring and 
summer all the embryonic structures unfold and 
enlarge into the mature shoot. The perpetually 
embryonic terminal region forms a new terminal bud, 
which in the fall of the year enters a “rest period” 
and becomes the dormant bud enclosing next year s 
shoot system in embryonic form. The dormant bud 
remains inactive during the winter and resumes 
development only after it has been exposed to the 




dormancy 

prolonged low temperatures of the winter months. 

In nature, bud dormancy is usually broken by the 
winter exposure to low temperature. If this cold 
period is missed—if, for example, a pear tree is kept 
in a warm greenhouse over the winter—the buds do 
not leaf out in the spring but remain dormant and 
ultimately develop very erratically. 

Although we have little understanding of the 
mechanisms of either the onset of bud dormancy or 
the breaking of dormancy by low temperature, we 
can control both the induction and the breaking of 
dormancy bv the use of auxins and other plant 
regulators. This control has found widespread use 
both in the field and in the storage of plants and 
plant parts. 

The fruit-grower has two major problems related 
to bud dormanev. In the northern states, a late frost 
when the flower buds are just bursting may destroy 
the flowers and ruin the crop. Although still in the 
experimental stage, investigations have shown that 
auxin applications (NAA, 2,4-D, 2,4,5-T) to the trees 
in the summer or early autumn delay bud-break 
the following spring. With apple, cherry, pear, plum, 
and other fruit trees, delays in flower-bud opening 
of 14—19 days have been obtained. 

In the southern states, a mild winter may not have 
a long enough period of suitably cold weather to 
break the bud dormancy; as a result, flowers and 
spring growth fail to occur. Solution of this problem 
has come in two ways. It is known that the length 
of the cold period required varies with different 
varieties and is apparently under genetic control. 
Some varieties of fruit trees require only a very short 
exposure to low temperatures, but others need an 
extended period, to overcome bud dormancy. An 
active program of breeding and selection has de¬ 
veloped suitable varieties of fruit trees that show 
little or no low-temperature requirement. Such 
selected varieties can be grown in regions where a 
cold winter cannot be relied upon every year. The 
other procedure, which has found less practical ap¬ 
plication, is the spraying of dormant trees with ethyl¬ 
ene chlorohydrin and various nitrophenol compounds, 
which break bud dormancy. 

It is often important, in the field, to prevent 
the sprouting of stored nursery trees. A common 
practice is to dig up and store dormant nursery trees 
for varying periods of time and then to retail the 
plants as bare root stock. Similarly, the young trees 
raised by the thousands for reforestation are usually 
handled and stored in the dormant condition. Buds 
of the stored dormant trees frequently fail to stay 
dormant; they may develop etiolated shoots, which 


arc readily damaged during subsequent shifting and 
planting. Successful inhibition of this sprouting has 
been obtained by spraying with NAA, the methyl 
ester of cr-naphthaleneaeetic acid (MENA; see #2, p. 
26), and other regulators. 

Potato tubers, corms, and bulbs are all specialized 
stems that commonly exhibit bud dormancy. 1 he 
most extensive application of bud-dormancy control 
has been the prevention of potatoes and similar crops 
from sprouting while in storage. Actually, il the 
storage temperature is kept under 40 F, little 
sprouting occurs. In practice, however, the usual 
commercial storage facilities cannot be kept at this 
low temperature for the length of the storage season. 
Furthermore, a temperature below 40°F (4.4 C C), 
while preventing sprouting, has deleterious effects on 
the plant materials. The most successful chemical 
method of maintaining potato dormancy is exposure 
of the tubers to MENA. Sometimes it is desirable to 
be able to break the dormancy at will—for example, 
in seed potatoes. This can be done by treatment 
with ethylene chlorohydrin, potassium thiocyanate, 
isopropyl phenyl carbamate, thiourea, or other sub¬ 
stances. Thiourea not onlv breaks dormanev but also 

* 0 

counteracts the apical dominance of the terminal bud 
of a potato “eye.” Not only do thiourea-treated 
potatoes sprout, but each “eye” gives rise to several 
shoots. 

In Experiment 15, compounds that maintain dor¬ 
mancy and compounds that break dormancy are 
used. ^ ou should be able to tell from your results 
whether the potatoes used in the experiment were 
initially dormant or nondormant. 

A simplification of the control of potato dormancy 

by spraying the plants while still in the field is 

undergoing extensive testing. An example is the 

success obtained by spraying with maleic hvdrazide 

from two to six weeks before the harvest. Potatoes 

harvested from the sprayed crop did not sprout 

during eight months of storage at 57°F (13.S 3 C). 

The high storage temperature gave a potato of 

better quality for cooking and for making potato 
chips. 

Preharvest foliar spraying or treatment during 
storage has been used to prevent sprouting of a 
number of crops: onions, carrots, beets, turnips 
rutabagas, Easter and Regal lily bulbs, and others.’ 
In these treatments MENA, NAA, and maleic hv¬ 
drazide are used. One can expect more and more 
refined and extended control of bud dormancy as 
the plant physiologists successfully explore ' the 
mechanisms of the induction and breaking of dor- 


38 


PLANT DEVELOPMENT 


[ Exp 15 ] 

Experiment 15. Potato Bud Dormancy 

Select 9 small potato tubers of similar size. 
Treat 3 potatoes in each of the following ways: 

1. Soak in a 2% aqueous solution of thiourea 
for 1 hr; then air-dry. 

2. Dip in a 1% aqueous solution of the methyl 
ester of a-naphthaleneacetic acid (MENA) 
until thoroughly wet; then air-dry. 

3. Soak in distilled water for 1 hr, and then 
air-dry. 

When all the potatoes have dried thoroughly, 
place each one separately in a small brown-paper 
bag, tie the bag securely, label, and place in your 
locker. 

Two weeks later, open the bags, and observe 
the potatoes for sprouting; then retie and con¬ 
tinue for another 2 or 3 months, with obser¬ 
vations every 2 weeks. Count the number of 
buds that have sprouted on each potato. Enter 
your observations on the report sheet. 
################################################### # 

E. The Physiology of Flowering 

The appearance of flowers is perhaps the most 
impressive event in plant development. That flower¬ 
ing occurs at certain definite times of the year for 
many plant species is a familiar fact, one that is 
used by the farmer and the home gardener in plan¬ 
ning their fields and gardens. Research has shown 
that the time of flowering for numerous plants is 
determined by the environment. Some plants must 
be exposed to a period of low temperature during 
their vegetative development before they will flower. 
Other plants flower in response to the relative length 
of day and night. A requirement prior to both of 
the above responses is that a plant first develop 
vegetatively to an extent characteristic of its species. 

It is possible experimentally to maintain a growing 
plant in the vegetative—that is, the nonflowering— 
state for long periods, even several years, simply by 
controlling the length of the alternating light and 
dark periods to which it is exposed, and then sud¬ 
denly, by changing the day length, to make it flower. 
The phenomenon whereby alternation of light and 
dark periods controls flower initiation and plant 
development is called photoperiodism. To be able 
to manipulate at will the time of flowering is of the 
greatest economic importance as it gives us direct 
control of the final result of flowering—fruit for¬ 
mation. 


In general, plants may be grouped into tliree 
photoperiodic classes with respect to their require¬ 
ments for flower formation. (1) “Long-day plants” 
flower only after they have been exposed to daylight 
periods of more than a certain length, about four¬ 
teen hours, in every twenty-fours. If given shorter 
days, they remain vegetative. Familiar examples of 
this group are sugar beet, barley, henbane, aster, and 
poppy. (2) “Short-day plants” flower only if provided 
with less than a certain length of daylight, about ten 
hours, in every twenty-four hours. If short-day plants 
receive more light than this maximum, they remain 
vegetative. Typical short-day plants are tobacco, 
ragweed, chrysanthemum, and poinsettia. Inter¬ 
ruption of the dark period of short-day plants by a 
brief period of light will completely prevent flower¬ 
ing under a short-day regime. (3) The flowering of 
“indeterminate plants” is independent of day length. 
Such plants may bloom in continuous light or when 
they have only enough light to develop. This group 
includes tomato and cotton. The specific photo- 
periodic requirements for flowering depend upon the 
species of plant and vary within the different classes. 
The optimum conditions for induction of flowering 
must be determined empirically. 

It is not necessary that a plant be kept continu¬ 
ously under short-day or long-day conditions to 
flower. In an extreme example, a short-day plant can 
be made to flower by exposure to a single short-day 
cycle of twenty-four horn’s. If it is then returned to 
long-day conditions, it will continue to flower. The 
most detailed anatomical and chemical studies have 
failed thus far to reveal any change in the plant 
immediately after the short-day exposure; yet such 
change must occur. The light treatment that ulti¬ 
mately results in flowering is called photoperiodic 
induction. Once the plant has been induced to 
flower by a particular photoperiodic treatment, it will 
continue to flower under any photoperiodic regime. 

The photoperiodic control of flowering involves a 
complex and sensitive mechanism about which we 
have few facts. For short-day plants, the dark period 
is critical, but it must be preceded by a light period, 
during which carbon dioxide must be available. The 
intensity of flower induction is related to the duration 
and intensity of this light and can be influenced by 
temperature. During the dark period, chemical re¬ 
actions appear to take place in the plant. The initial 
products of these reactions are light-sensitive. Inter¬ 
ruption of the dark period by even a small amount 
of light will thus prevent flowering. The leaves ap¬ 
pear to be the locus of the system sensitive to photo¬ 
periodic treatment. All of these facts fit the idea that 
flowering is under hormonal control. A substance 
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light reactions dark reactions 
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produced in the leaves by some photosynthetic re¬ 
action apparently accumulates in the leaves in the 
dark, during which time it is liable to destruction by 
light. Converted into a light-stable compound, it is 
translocated from the site of synthesis in the leaves 
to the site of its activity in the meristem. There it 
effects the initiation of flower primordia. The identity 
of this “flowering hormone” remains unknown, 
despite many attempts to isolate and characterize it 
chemically. These ideas, as they apply to short-day 
plants, are summarized in the scheme presented at 
the top of this page. In long-day plants, the same 
scheme applies except that there is no reversal by 
light of the dark reaction, so that A goes directly 
to C. 

Grafting experiments have been used to demon¬ 
strate further the hormonal concept. A single leaf 
of a plant that has been given a photoperiodic 
induction, if grafted to a noninduced plant of the 
same species, will cause flower initiation. Another 
striking fact derived from grafting experiments is 
that the stimulus to flowering is identical in long-dav 
and short-day plants; that is, if part of an induced 
long-day plant is grafted to a noninduced short-day 
plant, flowers will form. The action spectra (see 
Appendix 1) for the two different classes of plants 
indicate that the same wavelengths are active in the 
photoperiodic induction of both groups. 

Plants that are clear-cut in their photoperiodic 
requirement have been selected as the material for 
Experiment 16. By the use of very short days (eight 
hours of light) and very long days (sixteen hours of 
light) it is easy to determine the appropriate class 
for each species with certainty. 

The simple procedure you use in the experiment is 
applied commercially in many parts of this country 
to control the flowering of ornamental plants such as 
chrysanthemum. Shading the fields with black cloth 
shortens the day and thus induces the late, fall¬ 
flowering chrysanthemum to flower well ahead of 
schedule, and prolonging the normal day with arti¬ 
ficial light at night then brings about the later 
blooming. Commercial growers are thus able to 
provide flowers on their own schedule. Field tests 
have been made to prevent sugar cane (a short-day 
plant) from flowering by interrupting the dark 
period with flashes of light. Prevention of flower 


C (flowering hormone) 


moves from leaf 
to meristem 

formation in sugar cane is desirable since it con¬ 
serves, until harvest, the sugar normally used up by 
the plant in reproductive development. 

Experiment 16. Photoperiodic Control of Flower¬ 
ing 

Flats of month-old plants of spinach (or radish) 
and Biloxi soybean (or cocklebur), grown in the 
greenhouse under photoperiodic regimes de¬ 
signed to keep all of the plants vegetative, will 
be provided. 

In the greenhouse, transplant 2 comparable 
spinach plants to separate 4" pots; label each 
pot with your name and the treatment to be 
given. Water well, and maintain the plants under 
the same light conditions for an additional week 
until they are established. 

Repeat this procedure with the soybean plants 
provided. One week after transplanting, place 1 
pot of each plant on the greenhouse bench 
marked “short day” (8 hr light, 16 hr dark) and 
1 pot of each plant on the bench marked “long 
day (16 hr light, 8 hr dark). These photoperiods 
will be provided, and the plants cared for, by 
the greenhouse attendant. 

On the same day that you place the plants in 
the different photoperiodic treatments, select ad¬ 
ditional plants of each of the species from the 
flats in the greenhouse, and carefully dissect and 
examine them for evidence of flower formation or 
floral primordia (use dissecting microscope if 
necessary). 

At the end of 1 week of the light treatments, 
remove the treated plants to natural day-length 
conditions. After 3 or 4 weeks determine the 
plants under each treatment in which flowering 

has been induced. Enter your results in the table 
on the report. 



Temperature and day length interact in controlling 
the flowering of many plants in a complex and little- 
understood way. In photoperiodically responsive 
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plants, temperature changes frequently upset or 
modify the response pattern. In other plants the 
photoperiod may have no effect on the flowering, 
and the role of temperature becomes predominant. 
One of the most striking cases in which temperature 
controls flower formation is that of the cereal grains. 
Certain types of grain—for example, wheat, rye, and 
oa ts include varieties that are always sown by the 
farmer in the fall of the year. The seeds begin to 
germinate and then overwinter in the ground, where 
they are exposed to several months of cold weather. 
The plants develop in the spring, flower in the 
summer, and produce a harvest in the fall. If the 
germinating seed does not have a period of cold, 
flowering will occur so late in the season that the 
ear will not develop and the crop will be a failure. 
The required period of cold can be provided arti¬ 
ficially by storage of the germinating seed at low 
temperatures for a time. This process is called vernal¬ 
ization (literally, “making spring-like”). Seeds to be 
vernalized are usually allowed to begin germination 
and are then kept moist at about 1°C for three weeks 
or longer. As the artificial cold treatment prevents 
further germination, the vernalized seed can be 
handled as regular seed for sowing in the spring 
of the year. 

The effect of the cold treatment is localized in 
the developing embryo of the seed. During the treat¬ 
ment, if it is to be effective, oxygen must be available 
to the seed. High temperature will reverse the effect 
of the low temperature. The many lines of evidence 
suggest that flowering that is subject to temperature, 
like that under photoperiodic control, is under hor¬ 
monal influence. While the seed is exposed to low 
temperature, synthetic reactions that go on in the 
embryo are dependent upon carbohydrate, usually 
derived from the storage tissues of the seed. The 
ultimate product of these reactions is a flowering 
hormone, which moves to the meristem to produce 
its effect, flower initiation. Though the flowering 
hormone has not been isolated or identified, there is 
considerable indirect evidence of its reality. 

In many kinds of plants, the mature, vegetatively 
developing plant is the structure that normally 
responds to low temperature by flowering. The con¬ 
trol of flowering in root and leaf vegetable crops is a 
problem of considerable economic importance. Such 
vegetables as cabbage are cultivated for their vege¬ 
tative development, which produces a large leafy 
head. If cabbages “go to seed,” they are useless as a 
marketable product. Anyone raising cabbage as a 


ciop must therefore watch the temperature and avoid 

a degree of cold that would induce flowering without 
heading. 

In geneial, plants that require two years to com¬ 
plete their life cycle (biennials) have this two-year 
cycle because of a cold requirement. During the first 
year, beets, carrots, rutabagas, turnips, and other 
important root vegetables show extensive vegetative 
development of leaves and a large root. Only during 
the second year, after a cold winter, do these plants 
flower and produce seed. The root crop is harvested, 
of course, at the end of the first year of vegetative 
development. Long before there was any knowledge 
of the effect of temperature in controlling the flower¬ 
ing of plants, generations of farmers and gardeners 
had worked out in practice the peculiarities of 
growing and producing the best of each crop by 
methods of trial and error. 

What is the relation, if any, between the flowering 
hormone of photoperiodic origin and that produced 
during exposure to cold? We have no clear answer 
to this question at the present time. The evidence 
suggests that the two substances are not identical, 
but may be related to each other. Perhaps the sub¬ 
stance produced during the cold period ultimately 
becomes the flowering hormone usually produced 
during the proper photoperiod. 

In recent years, the role of auxins in the control 
of flowering has aroused much interest. The picture 
is not simple, for externally supplied auxins inhibit 
flower initiation in many plants but stimulate flower¬ 
ing in others. It is generally conceded that no auxin 
per se is the flowering hormone, but apparently 
auxins can interact in the complex sequence of events 
leading to flowering and thus modify the final 
response. 

Because auxins do not appear to be directly in¬ 
volved in flowering, they are not used in practical 
control—with one major exception, the pineapple 
industry. Plants are grown vegetatively to a certain 
size, and then whole fields at a time are sprayed 
with a dilute auxin spray such as naphthaleneacetic 
acid or 2,4-D. In pineapple, the effect of the auxin 
is actually to induce flowering, not merely to hasten 
or to delay it, as in some other plant species. Field 
spraying thus induces flowering in all the plants of a 
field, giving simultaneous fruit production through¬ 
out the field and permitting more efficient and 
economical harvest of the product as well as planned 
continuous use of the canning factories. 


II. MINERAL NUTRITION 


Plant development from seed to maturity involves 
a substantial increase in weight. Much of the matter 
constituting the plant is water—as much as 95 per¬ 
cent in very succulent tissues, but as little as 5 
percent in some seeds. The water can be driven off 
by drying the plant material in an oven at 100 C. 
What is left is the dry matter. As we have already 
noted, the dry matter is composed mostly of the 
elements carbon, hydrogen, and oxygen, derived from 
water and from the carbon dioxide and oxygen of the 
atmosphere. These elements are present in plants as 
organic compounds—primarily carbohydrates, pro¬ 
teins, and fats and oils. The rest of the dry matter 
consists of elements known collectively as the mineral 
elements. These are absorbed from the soil, where 
they exist in the form of ions, and are present in 
the plant as ions or in organic combination. Although 
they make up only a small part of the dry weight of 
plant tissue, varying from less than 1 percent in fleshy 
fruits to as much as 15 percent in some leaves, they 
are essential to the development of the plant. With¬ 
holding iron from a plant is just as lethal, in the end, 
as depriving it of carbon. 

The data upon which the preceding analysis of 
plant nutrition is based are of rather recent origin. 
Until about the beginning of the nineteenth century, 
plants were presumed to obtain all of their material 
substance from the soil. This substance, furthermore, 
was supposed to be already organized into the 
organic form characteristic of plant tissues. It was 
simply absorbed, and then, under the direction of 
the “soul” of the plant, it was distributed without 
change and made up the parts of the plant. Not until 
photosynthesis was discovered and understood was it 
possible to arrive at a more accurate concept of plant 
nutrition. The process of photosynthesis, in which 
carbon dioxide and water are combined into organic 
form, accounted for the bulk of the dry matter and 
left to the soil the role of supplying the mineral 
elements. 

More than a hundred elements are found in the 
earth’s crust; in one plant or another, if only in 


traces, these elements are also to be found. Which, 
then, arc essential to the plant? This question will be 
answered by the experiments in part A. 

Before we proceed further in the study of plant 
physiology and particularly of the details of mineral 
nutrition, it is necessary to become familiar with the 
hydrogen ion. This ion is universally present in all 
biological systems since it is formed by the dis¬ 
sociation of water. The concentration of the hy¬ 
drogen ion affects almost every activity of all 
organisms. We will, therefore, in part B, consider 
how to express this concentration, how to measure it, 
and how it is controlled in the organism and in the 
laboratory. 

In part A we shall do experiments to determine 
which mineral elements are essential to plant de¬ 
velopment. The usual source of these elements is 
the soil. Where are the elements to be found in the 
soil? How do they get to and into the roots of the 
plants? To answer these questions, in part C, we shall 
do a number of experiments that do not directly 
involve a plant at all. The soil is a colloid, and its 
colloidal nature is the answer to the question about 
the location of the main supply of mineral elements. 
We must learn not only what a colloid is but also 
what adsorption is, for the mineral ions are adsorbed 
on the colloidal soil particles as well as dissolved in 
the soil solution. And we must, finally, investigate the 
phenomenon of diffusion, for it is by this process that 
the mineral ions move through the soil solution from 
the surface of the colloidal particles to the surface 
of the roots. Each of the physical and chemical 
phenomena studied here in relation to mineral nu¬ 
trition will be found to be intimate parts of all the 
subsequent experiments. Diffusion, the fundamental 
process in the transport of water (to be investigated 
in section III), is also the mechanism whereby 
oxygen and carbon dioxide gain access to the plant. 
Protoplasm is a colloid. The chemical reactions that 
constitute cellular metabolism take place on the. 
surfaces of the colloidal protoplasmic particles, thu# 
involving the process of adsorption. 
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Name of Salt 

Calcium nitrate 
Potassium acid phosphate 
Magnesium sulfate 
Ferrous sulfate 


Chemical Formula 

Ions Present 

in Solution 


CATIONS 

ANIONS 

Ca(N0 3 ) 2 

Ca + + 

no 3 - 

KHoPO* 

K+,H + 

P0 4 ~ 3 

MgS0 4 

Mg+ + 

S0 4 — 

FeS0 4 

Fe+ + 

S0 4 — 


Finally, if the mineral nutrients are to get into 
the plant, they must be absorbed by the roots. Until 
recently the prevailing theory was that they simply 
diffused into the cells of the roots; the only inter¬ 
ference was that offered by the cellular membranes. 
We now know that the entrance of ions is not a 
passive process but one in which work is done by 
the cells. This work results in an accumulation of 
ions within the cell. The concentrations of ions 
established and maintained within the root cells by 
this accumulation exceed those in the external solu¬ 
tion bathing the roots, thus necessitating the ex¬ 
penditure of energy, which is derived from aerobic 
respiration. The permeability of the cellular mem¬ 
branes determines which substances enter the root 
cells and which are excluded. These matters, pri¬ 
marily the nature of the differentially permeable 
membranes and the mechanisms by which the ions 
are absorbed, are the subjects of part D. 

We know that the typical green plant successfully 
completes its development if provided with the 
mineral nutrients, the gases of the atmosphere, and 
sunlight. An intriguing question is that of the nu¬ 
trition of the parts of a plant, particularly nongreen 
parts such as the roots. From what has been said so 
far, we would expect an isolated root to require the 
organic matter made in photosynthesis. The require¬ 
ment can be met if we supply it with a sugar such as 
sucrose. If the root were bathed in a solution con¬ 
taining the mineral nutrients and a sugar, would it 
then develop? This question is answered in part E, 
where you will find directions enabling you to cut 
off the tip of a root and then have it develop without 
the rest of the plant. 

A. The Essential Mineral Elements 

The first major advance in the study of the mineral 
nutrition of plants depended on the use of the water- 
culture technique. This procedure consists of grow¬ 
ing plants in jars or other containers with the roots 
immersed in a dilute, aqueous solution of mineral 
salts. By 1860, two outstanding plant physiologists of 
the nineteenth century, Sachs and Knop, had de¬ 
monstrated that many different types of plants could 
be grown from seedlings to maturity in a solution 


containing a few familiar salts. Sachs’s solution, for 
example, had the qualitative composition shown 
above. 

Ever since the first successful application of the 
water-culture method (also known as the nutrient- 
culture method or hydroponics), the technique has 
been constantly improved and continuously used in 
the study of problems of plant nutrition. The experi¬ 
ments that follow are modem counterparts of those 
done by Sachs with fruitful results about a hundred 
years ago. 

These early studies established that, in addition to 
carbon dioxide from the atmosphere and water from 
the soil solution, plants must be supplied with a 
number of mineral elements—those shown in the list 
of ions above. Including the elements provided by 
the carbon dioxide and water, there are ten essential 
elements, now known as the “classical essential ele¬ 
ments": carbon, hydrogen, oxygen, phosphorus, po¬ 
tassium, nitrogen, sulfur, calcium, iron, and mag¬ 
nesium.® All of these elements are required in 
large amounts except iron, which is usually needed 
only in traces (a few parts per million). If any one 
of these essential elements is omitted from the nu¬ 
trient solution, the plants soon begin to show signs 
of distress and ultimately die. 

We have already pointed out that the earth’s crust 
contains some hundred mineral elements and that 
every' one of these can be found in some plant or 
other. It seems remarkable that plants should require 
so few of these elements for normal development. 
How can one distinguish a nonessential element from 
an essential one, and in what ways are elements 
essential? Over the years, criteria of essentiality have 
been established as follows: (1) the plant cannot 
develop normally and complete its life cycle in the 
absence of the element; (2) no other element can 
substitute for the element in question; (3) the ele¬ 
ment is directly involved in the nutrition of the plant 
itself and does not merely act through an indirect 
effect on the soil or culture medium. If a particular 
element can be shown to meet these criteria for a 
wide variety of plants, then it is usually conceded to 
be essential for green plants in general. These cri- 

• If these are symbolized (C, H, O, P, K, N, S, Ca, Fe, 
Mg), “C. Hopk’ns Cafe, Mighty good" offers an easy way to 

remember them. 
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the essential mineral elements 

teria were met bv the classical ten elements. You 
will verify their essentiality in Experiment 17. 

During' the last forty years it has become clear 
that there are additional essential elements. These 
are required only in traces and are often referred to 
as the trace elements or micronutrients. (Iron is 
usually included among them, since it, too, is required 
only in minute amounts, though its essentiality was 
established much earlier than that of the other trace 
elements.) The discovery of the micronutrient ele¬ 
ments was delayed while methods were developed 
for manufacturing purer chemical salts and for rigor¬ 
ously excluding” undesired elements from the nu¬ 
trient cultures. The additional essential elements are 
five in number: molybdenum (Mo), boron (B), 
copper (Cu), manganese (Mn), and zinc (Zn). 
The discovery of essential elements is not yet com¬ 
pleted. Evidence that chlorine is essential has re¬ 
cently been presented. As in all scientific work, the 
claim must be substantiated in several different re- 


sium (N, P, K) are the ones most frequently added 
to soils as mineral fertilizers. Certain of the essential 
mineral elements give rise to special problems both 
in the field and in the laboratory. Nitrogen, for 
example, is the only mineral element that is not de¬ 
rived from the parent rock material of the soil. 
Furthermore, in its most common form in the soil, the 
nitrate ion, nitrogen is leached out with great ease 
by rains or irrigation water. The ultimate source of 
nitrogen is the atmosphere. Because the path from 
nitrogen gas in the atmosphere to nitrate in the soil 
involves the metabolic activity of various organisms, 
this problem will be studied as a part of the section 
on cellular metabolism. 

The cationic trace elements, particularly iron, are 
a special problem because they are precipitated 
from aqueous solutions at only slightly alkaline pH 
values (see Experiment 20). Plants very often show 
characteristic iron chlorosis even though an analysis 
of the soil indicates an abundance of iron. The diffi- 


H + "OOCH a C CH.COO-H* 

^N-CHj-CHa-N^ 

H + "OOCH J C^ ^CH x COO"H+ 

Ethylenediatninetetraacetic acid ^EDTA) 



search laboratories and for a large number of plants 
before chlorine can be included in the list without 
question. 

Each of the essential elements plays an important 
role in the development of the plant. Many of the 
specific functions of the mineral elements are known 
in detail. For example, magnesium is a part of the 
molecule of the photosynthetic pigment, chlorophyll; 
calcium is a constituent of calcium pectate, the 
cementing material between cells; and nitrogen is 
the characteristic element of proteins and of the 
amino acids from which the proteins are synthesized. 
In the absence of an essential element, a plant gets 
sick; it shows its sickness in morphological abnor¬ 
malities and distortions, which are called deficiency 
symptoms. Until the discovery of the essential ele¬ 
ments, many plants showing deficiency symptoms 
were considered to be infected, so characteristic was 
the appearance of the plants. Providing the plant 
with the element cured the disease. In practice, 
characteristic deficiency symptoms are the key to 
diagnosis of critical mineral-element shortages in a 
crop plant and lead to a solution of the problem by 
indicating the chemicals that should be added to 
the soil. 

Both because they are used in large quantities by 
plants and because they are readily leached from the 
soil, th e elements nitrogen, phosphorus, and potas- 

Mob comes in' may help you to remember these. 


cultv is that the iron is precipitated and unavailable 
to tlie plant. The same thing happens in water cul¬ 
tures. A simple solution of this problem consists in 
the use of certain organic substances known as che¬ 
lating agents. These substances bind, or “complex,” 
metallic cations like iron. The complex is quite 
soluble in alkaline solutions, and the organic com¬ 
ponent has no effect on plants. A supply of iron can 
thus be maintained in solution in a form available to 
the plant. When iron salts are used in water cultures, 
they must be added once or tw'ice a week because so 
little can be held in solution. When chelated iron is 
used, a single addition is sufficient. In Experiment 17 
you will provide iron in both forms to sunflower 
plants. The chelating agent is ethylenediaminetetra- 
acetic acid, the formula of which is shown in #4. 
When the agent is complexed with iron, the formula 
is that shown in #5. Both in the laboratory and in 
the field the other cationic trace elements, and some¬ 
times calcium and magnesium, are used in the com¬ 
plexed form to ensure their availability to the plants. 

Few of the laboratory discoveries of the plant 
physiologist have had greater practical application 
in agriculture than the recognition and elucidation 
of the mineral requirements of plants. Mineral ferti¬ 
lization based on careful analysis of plant needs is 
carried on in all parts of the world where plants 
are grown for food or industry. Only by continuous 
replenishment of the minerals removed from the soil 
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Na^'OOCHX. CH.COO'Na* 

n-ch 2 -ch iT x^ 

H < C ' >e ^' -CH, 


coo 


ooc 



OH 

Sodium, iron ethylenediaminetetraacetate (Na 2 FeEDTA 


by the plants is it possible to continue to harvest 
plant products. 

Experiment 17. The Mineral Elements Essential 
for Plant Development 

Wash eleven 2-quart jars thoroughly with de¬ 
tergent and water, rinse several times with tap 
water, and finally rinse three times with distilled 
water. Be careful of the aluminum-foil wrapper 
around the jars. 

If a wrapper is missing or torn, replace it with 
a new wrapper. Lay the jar on a sheet of foil 
parallel to the 12" edge and with the top rim 
about 1/4" from the 18" edge. Bring the two 
12" edges together, and make a tight double- 


folded seam. Fold in the foil against the bottom 
of the jar, and crimp in the foil around the 
shoulder and neck of the jar. Why is the jar 
wrapped? 

Label the jars with stringed tags as follows: 
Complete (FeEDTA), Complete (FeCls), — Ca, 
— S, — Mg, — K, — N, — P, — Fe, — Micronu¬ 
trients, Unknown. For this experiment, the jars 
are considered to hold 2 liters of solution when 
filled to the top of the shoulder (actually 1,860 
ml). Fill the jars about 2 3 full of distilled water, 
and add to them the volumes of stock solutions 
indicated in the accompanying table. To avoid 
precipitation of any of the components, mix each 
solution, after the addition of the stock solution, 
by carefully shaking the jar. Obtain from the 
instructor an unknown nutrient solution, and 


table 1 . Composition of the Nutrient Media 


Stock Complete Complete Micro 

Solution (FeEDTA) (Fed) -Ca -S -Mg -K -N -P -Fe nutrients 



ml 

ml 

ml 

1M Ca(NO ; ,) : 

10 

10 

— 

1M KNO s 

10 

10 

10 

1M MgSO. 

4 

4 

4 

1M KH.PO, 

2 

2 

2 

FeEDTA 0 

2 

— 

2 


ml 

ml 

ml 

ml 

ml 

ml 

ml 

10 

10 

10 

— 

10 

10 

10 

10 

10 

— 

— 

10 

10 

10 

— 

— 

4 

4 

4 

4 

4 

2 

2 

— 

2 

— 

2 

2 

2 

2 

2 

2 

2 

— 

2 


FeCl.-.° 

Micronutrients* 
1M NaNO, 

1M MgCl* 

1M Na.SO, 

1M NaH,PO, 
1M Cad 
1M KC1 



• FeEDTA is a solution of an iron complex of ethyJenediam.nctetra-acetic ^nutrient slock solution con¬ 

tains 5 mg of Fe. Each ml of the Fed stock solution also f ntal " s jj g .°/^ e ) o 11 g of ZnCl. (zinc chloride), 

tains 2.80% of 1130, (boric acid), 1 81 g <>! molybdate) per liter. 

0 05 c of CuCh-2H,0 (copper chloride), and 0.025 g ot Na.Mou. ^n_ ------ 
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pour it into the appropriately labeled jar. 1* inally, 
fill all jars with distilled water to about 1/2" 
| below the cork. 

Select a large-diameter cork with 3 holes for 
each jar (Fig. 12-A). The cork must fit snugly 
and securely with about half above the rim of 
the jar. (It must not rest on top of the jar, or 
the plants, after they have grown, will fall over; 
and it must not be completely within the rim 
of the jar, for it would then be difficult to lift out 
when water must be added.) Unless the corks are 
already coated with paraffin, they must be made 


waterproof. Using a pair of tongs, dip each cork 
into a pan of melted paraffin, shake the excess 
free, and set to harden on a piece of paper. 

Now support three 10-day-old sunflower seed¬ 
lings (grown in sand watered with 1/4-strength 
Hoagland solution) in each cork. Do this by first 
inserting the roots of a plant down through a hole 
(Fig. 12-B). Wrap a layer of cotton around the 
hypocotyl at the lower side of the cork, and with 
tweezers push the cotton up into the hole. The 
cotton must be compact but not so tight as to 
crush the plant. Looking at the plant from the 


figure 12 Apparatus and procedures for preparing a nutrient culture. 





3-hole, waxed, 
Cork Chopper 






Wypocotyl of 
needling 

Cotton wrapping 


"Roofc 


CoHon wrapping 


Lower surface 
of cork 


Sunflower cccdlin 


Cotton wrapping 


Level of ^olutio 


2 . qf Macon j 


ar 


Aluminum foil 
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top of the cork, you should see cotton all around 
the hypocotyl, particularly near the top surface 
of the cork; this is to prevent the plant from 
sticking to the paraffin should the paraffin be 
softened by the heat in the greenhouse on the 
hotter sunny days. No cotton should protrude 
below the cork (Fig. 12-C); if it did, it would 
act as a wick, drawing solution up through the 
cork and thereby providing a good environment 
for the growth of mold. 

After you have finished all the jars (Fig. 12-D), 
have your nutrient cultures checked by the in¬ 
structor before placing them in the greenhouse. 
At this time, determine electrometrically the pH 
of the complete solution (FeEDTA) and the 
—N solution. To do this, remove the cork with 
its plants, and float the cork on distilled water 
in a beaker. Carefully place the jar under the 
electrodes, and measure the pH of the solution. 

From time to time add distilled water to main¬ 
tain the original level of the solutions. At first, 
water will be needed only every few days, but 
later water will have to be added every day or 
even more frequently if the weather is hot and 
dry. 

After 1 week remove the weakest of the three 
seedlings from each culture. Repeat the pH meas¬ 
urements, and thereafter continue to measure 
the pH of the complete culture and the — N 
culture at weekly intervals. 

At the end of 2 weeks measure the maximum 
length of shoots and roots, and calculate the 
average for each culture. Record all deficiency 
symptoms, noting stunting of root and shoot 
growth, coloration of roots and of young and old 
leaves, location of necrosis on leaves, and any 
other manifestations of the effect of each de¬ 
ficiency. 

At the end of the 4th week repeat the mea¬ 
surements of length of roots and shoots and 
observations on deficiency symptoms. Note any 
differences between the two complete cultures 
supplied with different forms of iron. Take final 
pH measurements. 

Dismantle the experiment. Remove all cotton 
and plants from the corks, placing the debris in 
the proper refuse can. If necessary, scrape the 
corks clean. Wash the jars according to the direc¬ 
tions given earlier, and place where directed by 
the instructor. 


Xf IX l r . It A L \*UTHlTlOM 

The micronutrient elements are generally required 
by higher green plants in amounts ranging from 0.1 
to 10.0 parts per million. Such concentrations are 
not readily detected by routine chemical means, 
nor are they easily excluded as contaminants from 
routine experimental procedures. That is why the 
essentiality of these elements, except for iron, went 
undiscovered for a considerable time. Rigorous ex¬ 
perimental procedures and careful purification meth¬ 
ods are necessary if we wish to demonstrate the 
requirement for these elements. Although needed by 
plants in low amounts, the micronutrient elements 
become toxic if present in the soil at slightly higher 
than the optimum concentrations. In Experiment 18 
you will observe this dual effect of essentiality and 
toxicity. 

Both of these aspects—micronutrient deficiency 
and toxicity—represent important agricultural prob¬ 
lems. Symptoms of micronutrient deficiencies are 
frequently very striking and highly significant in 
crop production. Boron deficiency produces the 
heart rot” of sugar beets, the brown corky spotting 
of apples, the black scarring of tomatoes, and other 
diseases that result in crop damage. Manganese de¬ 
ficiency results in shriveled grain (due to “gray-speck 
disease”) in oats and leaf distortion in cabbage and 
other leafy vegetables. Deficiency of zinc accounts 
for “little-leaf diseases” in fruit orchards, “mottle leaf” | 
in citrus trees, and dying back of shoot systems in 
many trees. In all of these, the remedy for the dis¬ 
ease has been the direct application of the deficient 
element in appropriate amounts. 

It is clear that micronutrients are essential to nor¬ 
mal plant development because they function di¬ 
rectly in the metabolism of the plant cells, frequently 
in combination with cellular enzymes. In the absence 
of the metals, the enzymes become inoperative, cells 
cease their activities, and plant development comes 
to a halt. 

#################################### ################ 

Experiment 18. Micronutrient Elements and 
Plant Development 

Prepare 7 nutrient cultures with sunflower 
plants as directed in Exp 17 for the complete 
(FeEDTA) solution but with the micronutrient 
addition omitted. To each culture add 2 ml of a 
stock solution of micronutrients from which the 
boron has been omitted. Now add to the jars 0, 1, 

2, 10, 20, 40, and 60 ml of a stock solution of 
H 3 BOs containing 1 mg of B per ml. Into another 
jar pour the unknown solution provided by the ^ 

instructor. 
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Grow in the greenhouse for 4 weeks, replacing 
the distilled water as needed. After 2 weeks, and 
again at the end of the experiment, record the 
height of the plants above the corks, and cal¬ 
culate the average height for each culture. In 
addition note any symptoms of deficiency or 
toxicity. Clean up the cultures as previously 
directed. 

Plant roots normally absorb mineral elements from 
the soil in which they develop. The elements are 
absorbed by the root cells in ionic form, reach the 
water stream in the xylem, and move about into 
all parts of the plant in aqueous solution. Under 
certain soil conditions, application of a mineral ele¬ 
ment to the soil may be undesirable or wasteful, 
since the element never becomes available to the 
plant. Recent studies have shown that under these 
conditions plants can be provided with their essential 
elements in other ways. For zinc deficiency in fruit 
trees, for example, it is often satisfactory to drive 
galvanized (zinc-coated) nails into the trunk of the 
tree or to apply a zinc solution to the foliage. In 
Experiment 19 the method of direct application by 
foliar spray is illustrated. The spray application of 
iron compounds to crop plants has been used to al¬ 
leviate iron-deficiency chlorosis produced by soil con¬ 
ditions that make the iron in the soil unavailable to 
the plant 

Foliar application of micronutrient elements to 
relieve deficiencies is a fairly easy task, for the 
amounts required are usually very small. Foliar ap¬ 
plication of some of the macronutrient elements is a 
greater problem. Urea is an organic compound rich 
in nitrogen, as is evident from its chemical formula 
(#6). Absorbed directly by the leaves, it enters 


El 


rapidly into the metabolism of the plant. To meet the 
demands of the plant, foliar application of nitrogen 
must be frequent and continued and yet at concen¬ 
trations that will not injure the leaves on contact. The 
commercial use of urea sprays has maintained good 
productivity in apple orchards and may prove to be 
of use in other crops, including citrus fruits, banana, 
sugar cane, and certain vegetables. 


[ Exp 19] 

Experiment 19. Foliar Application of Mineral 
Nutrients 

Following the procedures described in Exp IT, 
prepare and label nine 2-quart jars of nutrient 
medium as follows: 5 complete (FeEDTA), 2 
—Fe, and 2 -N. Stopper the 2 —Fe and the 
2 — N with solid corks, and set aside in your 
locker for later use. Support 3 sunflower seedlings 
in each of 5 corks, 1 for each of the 5 complete 
(EDTA) jars, and place the water cultures in the 
greenhouse, adding water as needed. After 1 
week, remove the weakest seedling from each cul¬ 
ture. 

At the end of 2 weeks of growth, continue 1 
cork of plants in its complete medium. The other 
4 corks of plants are to be transferred. Rinse the 
roots by floating each cork in distilled water in a 
beaker; then transfer 1 cork of the rinsed plants to 
each of the 2 —Fe jars prepared earlier. Place the 
other 2 rinsed sets of plants in the 2 — N jars. 

At the end of 2 more weeks typical deficiency 
symptoms should begin to show in each of the 
deficient cultures. When these symptoms are 
quite clear, treat one of each set of the deficient 
plants as follows, using a fine-nozzle hand 
sprayer. The untreated deficiency cultures and 
the complete culture should be continued for 
comparison. 

—Fe culture: Spray all the leaves until drip¬ 
ping wet with a 0.12% aqueous 
solution of FeEDTA. Onlv 1 

9 

spraying is necessary. 

— N culture: Spray all the leaves until drip¬ 
ping wet with a 1.0% aqueous 
solution of urea. Repeat the 
spraying each laboratory pe¬ 
riod for 2 weeks. 

Take care to avoid accidental spraying of the de¬ 
ficiency cultures that are to remain untreated. 

Observations should be made 24—48 hr after 
the spraying, if possible, and thereafter at each 
laboratory* period until the end of the experiment 
after two more weeks. Clean up the jars as pre¬ 
viously directed. 

B. Plants in Relation to pH 

The concentration of hydrogen ion, H + , in the 
soil solution, in water cultures, and in the plant sap 


H,N 

\ 

/ = ° 

H a N 

Urea 
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and protoplasm is of great importance in (lie physi¬ 
ology of the plant. The hydrogen ion is universally 
present in aqueous systems and markedly influences 
what goes on in living systems. It affects the solu¬ 
bility of all the other elements, the availability and 
absorption of ions, the stability’ of proteins and en¬ 
zyme systems, and numerous other functions of plants 
and animals. So important is this particular ion that 
a special device for referring to its concentration has 
been established. This is the pH scale. 

The pH is the negative logarithm of the hvdrogen- 
ion concentration in a solution. Thus 

pH = -log [H + ] 

which should be read “pH is equal to the negative 
logarithm to the base 10 of the hydrogen-ion con¬ 
centration.” 

Pure water ionizes to a small extent into finite 
amounts of hydrogen ions, H + , and hydroxyl ions, 
OH - . 


HOH =±: H+ + OH- 


At equilibrium, the velocities of association (reaction 
to the left) and dissociation (reaction to the right) 
are equal, and therefore 


[H + HOH-] 
[HOH] 


= K x (a constant) 


This means that the ratio of the hydrogen-ion con¬ 
centration times the hydroxyl-ion concentration to 
the concentration of the undissociated water, HOH, 
is equal to a constant value K x , which is termed the 
equilibrium constant. This is the equilibrium situa¬ 
tion as determined according to the law of mass ac¬ 
tion. In aqueous systems the concentration of the 
undissociated water is virtually constant; so 


[H+][OH - ] = [HOH]K, = K 


The value of K at 25°C is 1 x 10 -14 . That is to sav 

* 

that in pure water, at 25°C, one out of every 10 mil¬ 
lion (1/10 7 ) water molecules is dissociated. 


[H + ][OH-] = K = lx 10 -14 


In pure water [H + ] = [OH - ]. It follows, then, that 
in pure water the concentration of H + is equal to the 
concentration of Oil - and that each is equal to 
1 X 10 -7 . Since pH represents the negative logarithm 
of the hydrogen-ion concentration, then in pure 
water, at 25°C, pH = —log (1 x 10 -7 ) = log 10 7 
= 7.0. Thus pure water is neutral, with a pH = 7.0, 
and the concentration of the hydrogen ion is equal to 
the concentration of the hydroxyl ion. 

In any aqueous solution, the product of the hydro¬ 
gen-ion concentration and the hydroxyl-ion concen- 


tration is a constant. If one knows the pH, one can 
calculate from it the hydroxyl-ion concentration. The 
pH scale extends from 0 to 14, with pi I 7 at neutral¬ 
ity', where [OH - ] = [H + ]. As the pH of a solution 
goes down, the hvdrogen-ion concentration increases, 
and the solution is more acid. As the pH goes up, 
the hydrogen-ion concentration decreases, and the 
solution is more alkaline. Thus acidity and alkalinity 
can be expressed in terms of pH. Remember that pH 
refers to the hydrogen-ion concentration and not to 
the total replaceable hydrogen, which is termed the 
total acidity. Also remember that the pH scale is a 
logarithm scale: at pH 6 the concentration of hydro¬ 
gen ions is ten times that at pH 7.0 and a hundred 
times that at pH 8. 

In most living biological systems, the pH of the 
aqueous solutions in which metabolic reactions pro¬ 
ceed, such as the vacuolar sap and the protoplasm, 
is maintained at a remarkably constant value. Such 
aqueous systems are protected against rapid or 
great changes in hydrogen-ion concentration by' the 
presence and action of buffer systems. Buffers are 
chemical substances that prevent great changes in 
the pH of an aqueous system when strong acids or 
bases are added. In plants, we know of a number of 
different buffer systems that may be active. The 
effectiveness of a buffer system depends upon the 
slight degree of dissociation of a weak acid or a weak | 

base. One of the common buffer systems in fruit 

* 

juices consists of a weak acid, citric acid, and its 
sodium salt, sodium citrate. The weak acid itself 
dissociates very slightly in aqueous solution, whereas 
the salt dissociates almost completely into the posi¬ 
tively charged sodium cation and the negatively 
charged citrate anion: 

(1) citric acid ~ “ citrate - + H + (w'eak acid, weakly 

dissociated) 

(2) sodium citrate ^y?T- citrate - + Na + (salt, com¬ 

pletely dis¬ 
sociated) 

This weak acid and its salt, when present in solu¬ 
tion in about equal amounts, make an effective buffer 
system. If a strong acid such as the completely dis¬ 
sociated acid HC1 is added to the system, H + com¬ 
bines with the citrate - of the second equation. 

Since only very small amounts of the dissociated free 
acid can exist in the solution, the first reaction is 
driven to the left, resulting in little or no increase in 
H + . If a strong base such as NaOH is added, the 
OH - ions of the strongly dissociated base combine 
with H+ of the first equation to form water, which is 
practically' undissociated, resulting in little change f 
in pH. More 11 + is supplied by dissociation of citric 
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acid to maintain the pH. The amount of strong ackl 
nr strong base that can be added without appreciably 
decreasing or increasing the pH depends on the con¬ 
centration of the citrate ion and of citric acid, respec¬ 
tively. If a solution contained only citric acid, it 
would be buffered only against the addition of alkali, 
since little citrate ion would be available to take up 
any added hydrogen ion. Conversely, a solution con¬ 
taining only the salt would buffer against the addi¬ 
tion of acid but not of base. When a buffer consists 
of equal amounts of both the weak acid (or weak 
base) and its salt, then maximum buffering against 
the addition of either hydrogen ions or hydroxyl ions 
will be available. 

Any one buffer system is effective over a limited 
range of pH values. Equations are available for 
calculating the degree of buffering at different pH 
values for the various buffer systems. It is useful to 
know that, when a buffer consists of equal concen¬ 
trations of the acid (or base) and its salt, the pH 
where buffering against either added acid or base is 
maximum can be calculated directly from the disso- 
ciation constant of the weak acid or base. All that is 
necessary is to express the dissociation constant as the 
negative logarithm—the same device that is used in 
expressing hydrogen-ion concentration as pfl. The 
negative logarithm of the dissociation constant is 
called the p K value. Effective buffering will be pro¬ 
vided at a pH equal to the p K plus or minus one unit. 
The dissociation constant of acetic acid, for example, 
is 1.8 x 10 -3 . The negative logarithm is 4.7 = p K. 
A solution containing equal concentrations of acetic 
acid and sodium acetate will effectively hold the pH 
of a solution at 4.7 ± 1.0 against the addition of acid 
or base. If sufficient acid or base is added to change 
the pH to 3.7 and 5.7 respectively, then any further 
additions will cause major and immediate changes in 
the pH of the solution. 

Many acids that are effective in buffer systems 
have more than one dissociable hydrogen atom, and 
they show an effective buffering range for each such 
dissociation. Thus the buffering is stepwise, and the 

dissociation constant for each ionization can be de 
termined. 

Plants have several buffer systems that may be 
active, depending on the species or structure con¬ 
cerned. Two inorganic systems are important, the 
potassium, calcium, and magnesium salts of phos¬ 
phoric acid and of carbonic acid. In addition, a 
number of organic acids and their salts are often 
important. Besides citric acid, the active organic 
acids include malic acid, acetic acid, oxalic acid, 
tartaric acid, and perhaps others. Although the fruit 
juices, especially those of citrus and other acid fruits, • 
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are buffered at very low pH’s, the cytoplasm of most 
plant cells is usually buffered in the range close to 

neutrality. 

The following experiment is designed to acquaint 
you with the two principal methods of measuring pH. 
The colorimetric method uses the effect of the hvdro- 
gen-ion concentration on the coloration of dyes in 
aqueous solution. This method is familiar in the use 
of phenolphthalein as an indicator and in the com¬ 
mon acid-base tests with blue and pink litmus paper. 
With the electrometric method, using the pH meter, 
you will study buffer systems. 

Experiment 20. The Determination of pH and 
Plant Buffer Systems 

A. Colorimetric Determination of pH. Pi¬ 
pette 5 ml of tap water into a clean porcelain dish, 
and add 2 drops of universal indicator. Compare 
the color with the color chart for the universal 
indicator, and determine the pH of the tap water 
as closely as possible. From the color chart select 
an indicator dye such that the pH just deter¬ 
mined falls in the middle of the range of color 
change. 

If color charts for the individual indicators are 
available, refine the pH determination as follows: 
To 5 ml of tap water add 2 drops of the selected 
indicator, and compare with the color chart for 
the indicator. 

If liquid color standards are available, refine 
the pH measurement as follows: Using a test 
tube of the same size as those holding the color 
standards, add tap water to the same height as 
that in the color standards. Now add 10 drops of 
indicator (unless otherwise directed by the in¬ 
structor), shake, and compare the color with that 
of the standards. 

By the above methods determine the pH of 
distilled water, of cabbage, turnip, radish, or 
grapefruit juice as supplied, and of an unknowm. 

B. Buffers and the Use of the pH Meter. Be¬ 
fore doing this experiment, carefully read the 
directions for using the pH meter, and have the 
instructor show you how to use it. See that the 
meter is correctly standardized, returning the 
standard buffer solution to the bottle when you 
are through. When you are not actually making 
readings, the appropriate switch or button must 
always be in the position that disconnects the 
electrodes. Learn what this position is. Do not. 
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figure 13 Arrangement of electrodes and burettes for the determination of the buffering 
tivity of a solution. 


ac- 


however, turn off the main power supply, for that 
would necessitate restandardizing the meter. 
Learn how to check and correct for slight changes 
in circuit behavior, and do this periodically dur¬ 
ing your use of the meter. 

1. Put 25 ml of the plant juice provided in a 
100 ml beaker. Immerse the freshly washed elec¬ 
trodes in the juice. Fill the burette to the zero 
mark with 0.5N HC1, and place it over the 
beaker so that the acid will drop into the juice 
(Fig. 13). Now determine the initial pH of the 
juice. Add 1.0 ml of ac'd, and gently swirl the 
beaker, being careful to avoid touching the elec¬ 
trodes, which are very f -agile. Again determine 
the pH. Continre to ad r ' 1 ml portions of acid 


until a pH of 2.0 is reached. Wash the electrodes, 
and clean the beaker. To a second 25 ml portion 
of juice add 0.5N KOH from the Mohr burette in 
1.0 ml increments until a pH of 12.0 is reached. 
Plot the data on a single graph as directed in the 
report sheet. 

2. Obtain a 60 ml sample of a 0.1N unknown 
from the instructor. This sample is either a free 
acid or a salt of an acid (whichever is the more 
convenient form for preparing the unknown). 
The acid component is one of the following: 
acetic acid (a weak acid with a dissociation con¬ 
stant of 1.86 X 10~*); hydrochloric acid (a strong 
acid considered to be completely dissociated); 
phosphoric acid (a weak acid with dissociation 
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constants of 1.1 X 10 3 , 2 X 10-', and 3.6 X 10-' 3 ); 

carbonic acid (a weak acid with dissociation con¬ 
stants of 3 X 10-' and 6 X 10 "). Titrate the un¬ 
known as in the preceding paragraph, and make 
a titration curve on the same graph. From this 
curve determine the pK of the unknown, compare 
with the pK values of the acids described above, 
and thus identify the unknown. 


C. The Supply of Mineral Nutrients 
to Plant Roots 

Plants usually grow in the soil. They germinate 
and send down roots into the soil, acquiring mineral 
elements and water, and thus support themselves in 
and from the soil. As one of the important com¬ 
ponents of the environment of the plant, the soil 
enters into many complex interactions with the plant 
during development. The soil is not merely an inert 
substrate saturated with a dilute solution of mineral 
elements; rather, it plays a dynamic part in provid¬ 
ing the growing plant with its mineral requirements. 

In the simplest terms, the soil can be thought of 
as composed of a solid phase and a liquid phase— 
each related to and affecting the other and both of 
importance to the plant. The peculiar and distinctive 
properties of the solid phase of the soil, for plant 
nutrition, reside in the clay fraction—the solid mat¬ 
ter made up of clay particles of colloidal dimensions. 
This clay fraction is the reservoir for most of the 
mineral elements required by plants. As we have 
already seen, the mineral nutrients supplied to a 
plant grown in water culture are absorbed by the 
roots from the aqueous medium in which they are 


LANT HOOTS 

and the fact that they have an electric charge ac¬ 
count for the properties that are important in plant 
nutrition: their capacity to attract or repel water 
molecules, to adsorb ions, and to exchange ions. In 
the experiments that follow, certain of these pe¬ 
culiarly important properties are studied. Protoplasm, 
too, is' colloidal, and at a later stage we shall have 
occasion to refer to these and other properties of 
colloidal suspensions in relation to the activities of 

living protoplasm. 

Adsorption is the adherence of molecules or atoms 
in a very thin layer to the surface of solid particles 
with which they are in contact. Adsorption occurs at 
interfaces and is a phenomenon of general impor¬ 
tance in both living and nonliving systems. Because 
the very large number of very small particles in col¬ 
loidal systems exposes tremendous surface areas, 
adsorption is a dominant feature in the activities of 
colloidal particles. Such particles in an aqueous sys¬ 
tem may be surrounded by adsorbed water mole¬ 
cules in one or several layers. This association of 
water molecules with a colloidal particle is termed 
hydration and is typical of hydrophilic colloidal soils. 
Water molecules closely bound at a surface are re¬ 
moved only with difficulty'; molecules farther away 
from the adsorbing surface require less force for their 
removal. Hydrophobic colloids, on the other hand, 
repel water molecules and characteristically show no 
hydration. Such particles bear an electric charge 
whose sign depends on the nature of the particles. 
Adsorption of oppositely charged ions from the sur¬ 
rounding phase results in an electrically neutral col¬ 
loidal system. In addition to adsorbing water, hydro¬ 
philic colloidal particles also adsorb electrically 
charged particles in solution, either cations or anions, 
depending upon the electric charge of the particles. 

The lavers of atoms that form the laver lattice of 


immersed. In a similar fashion, a plant grown in the 
soil may absorb mineral nutrients from the liquid 
phase of the soil. This soil solution is, however, in¬ 
timately related to the solid colloidal clay fraction, 
which replenishes the ions of the soil solution. The 
clay may also supply mineral elements in ionic form 
directly to the plant roots. Under all conditions, the 
colloidal clay particles of the soil play a definite and 
important role in supplying ions to the plant. 

The colloidal clay particles of soils vary in their 
chemical nature, depending upon their origin by 
weathering from parent rock. In general, they are 
crystalline layer-lattice aluminosilicates—that is, 
layer-lattice crystals made up of aluminum, silicon, 
and oxygen atoms in a regular and repeated pattern. 
They are of colloidal dimensions, with diameters less 
than 0.002 mm. Their peculiar crystalline structure 


the colloidal clay particles can be separated by 
layers of water molecules and become quite swollen. 
A familiar example of the tremendous water-holding 
capacity of such structures is seen in the planting 
medium vermiculite, which finds use in the green¬ 
house specifically because of this property. Soils com¬ 
posed of colloidal clay have a high water-holding 
capacity. Individual particles of clay, surrounded by 
water molecules, or hydrated, usually bear a negative 
electric charge. Their behavior depends to a large 
extent on the nature of the ions in the surrounding 
medium. Colloidal clay particles, in the presence of 
appropriate ions, lend to the soil a physical texture 
that is advantageous for plant development. Excesses 
of other ions lead to undesirable physical character¬ 
istics. Some of the physical and chemical character¬ 
istics of colloids will be observed in Experiment 21. 
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Experiment 21. Soil Colloids 

A. Brownian Movement in Soil Colloids. 
Place a drop of a soil suspension on a glass slide, 
cover with a cover slip, and observe under the 
microscope at high-power magnification. Trace 
with a pencil the pathway of a particle. Magnify 
the movement so as to cover an area of 2 or 3 
square inches with your sketch. 

B. Hydrophilic and Hydrophobic Colloids. 
Put into each of 2 test tubes 3 ml of gum acacia 
sol. Into each of a second pair of test tubes put 
3 ml of arsenious sulfide suspension. To 1 tube of 
each pair add 7 ml of 953 ethyl alcohol, shake, 
and observe the presence or absence of precipi¬ 
tate. Now add 0.2 g of solid A1C1 3 to each tube, 
shake until dissolved, and observe again. 

To the second tube of each pair add 0.2 g of 
solid AlCla first, shake until dissolved, and ob¬ 
serve. Then add 7 ml of 953 ethyl alcohol. Ob¬ 
serve again for precipitation. 


The phenomenon of adsorption, while not com¬ 
pletely understood, is frequently interpreted in terms 
of electrically charged surfaces that attract ions of 
opposite electric charge from the surrounding me¬ 
dium. In biological systems the continuous phase of 
the colloids is usually water, and the particulate or 
disperse phase may be any of a number of insoluble 
components. When dispersed in an aqueous me¬ 
dium, many insoluble substances become electrically 
charged, either because of the adsorption of hydro¬ 
gen, hydroxyl, or other ions or because of the non¬ 
conducting nature of the aqueous phase. The result 
is an electrically charged surface that is capable of 
adsorbing ions from the medium. Moistened filter 
paper is such a charged surface; the cellulose mole¬ 
cules, saturated with water, become negatively 
charged. Positively charged substances, such as the 
colored ions of certain dyes, will be strongly ad¬ 
sorbed, whereas negatively charged dyes will not. 
Experiment 22 illustrates the importance of electric 
charge in adsorption phenomena. 

As we have already seen, colloidal clay particles 
usually possess an electric charge and are capable 
of adsorbing ions from the aqueous phase. The elec¬ 
tric charges of most clay particles originate within 
the particles themselves and arise from the chemical 
structure of the aluminosilicate lattice, which bears, 
for example, net negative charges. Each such particle 
can adsorb positively charged ions from the aqueous 
medium. A clay particle with a single negative charge 
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adsorbing an ion in solution can be represented 
symbolically as follows: 


Clay 


+ K + 




The adsorbed ion can be exchanged for another ion 
of like charge from the surrounding medium in the 
following manner: 



K + Na+ 


—>- 

Clav 


* 


Na + K + 


Since many charges usually reside in a single colloidal 
clay particle, many ions are adsorbed and exchanged. 
Such exchange of cations occurs, ion for ion, without 
regard to ionic species. In this “cation-exchange ca¬ 
pacity” of colloidal clay particles resides the capacity 
of soils to provide the mineral nutrient requirements 
for plant growth. The various soil minerals have 
varying capacities for ionic exchange with the soil 
solution, which accounts in part for the variation in 
soil types and in their effectiveness as media for plant 
development. Anion exchange also occurs: certain 
types of soil minerals have exposed layers of hy¬ 
droxyl ions that are exchangeable with other anions 
such as phosphate. 

Adsorbed ions that are strongly bound by electric 
charges and are released only by exchange for a 
similarly charged ion are not readily washed away. 
In the soil this binding is of considerable importance: 
such adsorbed ions are not readily leached away by 
rain or irrigation water, as are ions in solution, and 
thus remain available for plant utilization. 


######### 




Experiment 22. Adsorption 

Fasten 2 long strips of fine-grade filter paper to 
the top shelf of the laboratory desk so that the 
strips just clear the bench top. Place two 50 ml 
beakers, one containing a few ml of a 0.01M 
aqueous solution of methylene blue and the other 
0.01M indigo carmine, under the strips of paper 
so that the lower ends dip into the dyes. Observe 
the relative rates at which the water and dye 
travel up the filter paper, and at the end of 15 
min remove the strips and measure the distances. 
Wash the filter paper under hot water, and note 
which dye remains fast and which washes away. - 

Place a drop of eosinate of methylene blue on 
filter paper, and observe. Wash under hot water, 
and note the result. 

By virtue of their kinetic energy, all particles of - 
matter are in constant movement at ordinary tern- 






the supply or minekal nutrients to 

peratures. As you have seen by watching through 
the microscope, soil particles move ceaselessly about 
at random, colliding, rebounding, and colliding once 
again, maintaining a virtually even distribution. It 
the particles are initially concentrated in one area, 
collisions occur there more frequently until, by ran¬ 
dom distribution, the particles occupy the available 
space. This tendency for particles to move away from 
an area of greater particle concentration and to be¬ 
come evenly distributed is the essence of diffusion. 

The supply of mineral nutrients to the surface of 
plant roots growing in the soil intimately involves the 
physical process of diffusion. Diffusion implies the 
attaining of an even distribution of a solute through¬ 
out a given system, and applies equally well to the 
movement of gases, liquids, and solids. 1 he move¬ 
ment of inorganic solutes from a region of high 
activity to a region of lower activity depends on a 
continuous aqueous medium through which diffusion 
may occur. 

In the movement of gases to and from a plant, 
diffusion operates as an important and possibly 
limiting process in plant development. Gases tend to 
diffuse rapidly, whereas diffusion rates in liquids are 
much slower and in solids are frequently negligible. 
The rate of diffusion refers to the amount of mate¬ 
rial crossing a given area in a given time and is de¬ 
pendent upon a number of factors, including the 
temperature, the steepness of the diffusion gradient, 
and the size and mass of the diffusing particles. In 
Experiment 23 you will study the effect of tempera¬ 
ture and of several other factors upon the rate of 
diffusion. 
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understood. Almost all physiological functions in 
plants depend at one stage or another on this funda¬ 
mental process. 

Experiment 23. Diffusion 

For this experiment pieces of glass tubing filled 
with lOT gelatin will be provided. Add to each 
test tube only enough of the dye solution to reach 
halfway up the outside of the enclosed gelatin 
tube (Fig. 14). 

Put a gelatin tube into a test tube containing 
20" CuSO, solution and another into a test tube 
of 2" CuSO-i solution. Seal the test tubes with 
tape and place in your locker. Determine how far 
the CuSCh has diffused in each tube after 1 week. 
Measure the tubes at visually estimated points 
of equal color intensity across the main front of 
the diffusing material. Ignore any aberrant 
streaks. Into 2 other test tubes put 0.1" meth¬ 
ylene blue solution, add the gelatin tubes, and 
seal with tape. Put one into the basket that will 
be incubated at 15°C and the other into the bas¬ 
ket that will be incubated at 25°C (the baskets 
will be provided). Compare the distances dif- 


figure 14 Apparatus for the determination 
of the rate of diffusion of dissolved sub - 


The effect of temperature on physical or chemical 
processes is frequently analyzed by means of tem¬ 
perature coefficients. The temperature coefficient, or 
<?io, is defined as the ratio of the velocity of a 
process at the given temperature to that at 10°C 
lower: 



In general, the Cio of physical processes such as 
diffusion is about 1.5, while that of chemical proc¬ 
esses or reactions is usually greater than 2. By deter¬ 
mining the Q l0 of a biological process, it is often 
possible to distinguish between purely physical phe¬ 
nomena and chemical processes. Raising the tempera¬ 
ture 10°C approximately doubles the rate of biologi¬ 
cal processes that involve chemical reactions, whereas 
change of temperature is less effective in physical 
processes. 

In many of the experiments in this and later sec¬ 
tions, the process of diffusion must be considered and 
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fused after 1 week. Calculate the Qio of the 
process. 

Put solutions of 0.001M eosin B (MW 624), 
erythrosin (MW 880), methyl orange (MW 327)* 
methylene blue (MW 320), and Congo red (a 
0.1% colloidal suspension) into test tubes, add 
gelatin tubes, seal with tape, and determine the 
distances diffused after 1 week. Make a graph 
showing the relation between molecular weight 
and rate of diffusion. 


D. The Absorption of Mineral 
Nutrients 

The absorption of mineral nutrients by roots can 
be divided into three phases. We have already con¬ 
sidered the first phase, the supply of mineral nu¬ 
trients to the living cells at the surface of the root, 
primarily by diffusion. The second phase, the passage 
of these nutrients through cellular membranes, is a 
process involving membrane permeability. The final 
phase, termed “accumulation,” is the active process 
whereby the mineral elements are concentrated 
within the vacuoles of the cell. By the process of 
diffusion, all of the various components of the soil 
solution, either ions or molecules, reach the external 
surface of the root. Which of these substances ac¬ 
tually enter the cells of the root and in what amounts 
depend to a considerable extent on the nature of the 
protoplasmic membranes of the cells. 

Plant cells are composed of two major parts, the 
protoplast—that is, the living protoplasm of the cell, 
with its nucleus, plastids, vacuoles, and particles, 
limited by a protoplasmic membrane—and the non¬ 
living cell wall. The cell wall is usually cellulose im¬ 
pregnated with various cell-wall materials such as 
lignin and pectic compounds. Cell walls are, for the 
most part, freely permeable to water and to dissolved 
solutes. In a fully expanded cell, the protoplasmic 
membrane tends to be pressed intimately against the 
inert and semirigid cell wall. This protoplasmic 
membrane is differentially permeable, allowing water 
and certain other substances to pass through unim¬ 
peded while preventing other solutes from permeat¬ 
ing the protoplast. 

Most protoplasmic membranes, in addition to be¬ 
ing freely permeable to water molecules, usually 
also allow solutes present in aqueous solution to 
penetrate. The rate of penetration depends upon the 
nature of the solute. Compared with their rapid 
penetration by water, plant-cell membranes are only 


slowly penetrated by mineral elements in ionic form 
or by organic molecules such as amino acids, sugars, 
and other common solutes. Plant-cell membranes are 
quickly penetrated by some fatty compounds and 
certain other organic molecules while rigorously 
excluding still other compounds. These differences 
in the permeability of cell membranes indicate that 
the protoplasmic membrane is itself complex. It is 
generally conceded that the limiting membrane of 
the protoplast, the plasma membrane, which lies at 
the interface between protoplasm and cell wall, re¬ 
sults from the adsorption of protoplasmic materials, 
such as lipids, at the limiting surface. Such an ad¬ 
sorption layer is conceived to be composed of cyto¬ 
plasmic proteins and fatty materials held in a rather 
precisely oriented fashion at the protoplast surface. 
Inside the outer protoplasmic membrane lies the 
nucleus, surrounded by the cytoplasm, in which are 
embedded the particulate structures—mitochondria, 
plastids, and other granules—and, finally, the vacuole 
of the cell. Differentially permeable membranes prob¬ 
ably surround many of the cytoplasmic structures. 
The vacuole also is clearly separated from the cyto¬ 
plasm by a differentially permeable membrane, the 
vacuolar membrane. 

Permeability of the cell to solutes dissolved in the 
aqueous medium depends upon the physical and 
chemical constitution of the membrane. According to 
one view, hydrophilic compounds pass through the 
membrane at one site, whereas lipophilic (fat-loving) 
compounds penetrate through another. The main¬ 
tenance of the living cell, with all its obvious differ¬ 
entiation from the surrounding medium, depends 
upon the continued presence and functioning of this 
differentially permeable membrane. Any alteration in 
the nature of the membrane may affect its permeabil¬ 
ity and thus the properties of the cell of which it is 
a part. Irreversible changes in the permeability of the 
membrane usually lead to the death of the cell. In 
Experiment 24, changes in environmental conditions 
are shown to cause striking changes in the permeabil¬ 
ity properties of living cells. 

Assuming functional, differentially permeable 
membranes as the limiting surfaces of the living cells 
of the root, what is the mechanism whereby mineral 
elements enter the cells through these membranes? 

Cell walls offer no restriction to the movement of 
solutes dissolved in the aqueous medium. The mem¬ 
brane is the place where mineral elements, as ions, 
are either excluded or allowed to penetrate. The 
detailed mechanism controlling membrane permea¬ 
bility is, at best, poorly understood, and one's con¬ 
ception of it depends upon the theory one accepts as 
to the nature of the membrane itself. One can em 
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visage the membrane as a sieve filled with pores 
through which ions may or may not pass; as a him 
in which solutes may dissolve and thereby pass 
through; or as a part of a cytoplasmic machinery 
in which substances are actively selected for absorp¬ 
tion. Whatever the nature of the membrane, we do 
have the empirical knowledge concerning permea¬ 
bility phenomena upon which we base reasonable 
and functional concepts for our discussions of osmotic 
phenomena and water relations among plant cells. 


Experiment 24. Permeability 

A. Effect of Heat. Cut 7 slices of beet root 
about 1 cm wide, 4 cm long, and 3 mm thick. 
Wash in running tap water for about 10 min to 


figure 15 Steps in the preparation of beet 
slices to be used in experiments on per¬ 
meability. 
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remove the pigment from damaged cells. Transfer 

to distilled water (Fig. 15). 

Heat about 500 ml of distilled water to iO C 

in a beaker, immerse a strip of beet in the water 
for exactly 1 min, then transfer to a test tube con¬ 
taining 15 ml of distilled water at room tempera¬ 
ture. Repeat at 65°, 60*. 55°, 50°, and 45°C by 
allowing the water to cool to these temperatures. 

Finally, put an untreated slice into distilled 
water at room temperature as a control. One hr 
after placing each slice in the distilled water, 
carefully remove the slice from the tube, shake 
the tube, transfer contents to colorimeter tube, 
and determine with the colorimeter the amount 
of red pigment that has diffused out of the slice. 

B. Effect of Freezing. Place one slice of beet 
that has been frozen in a deep freezer and 
washed in tap water as above in a test tube con¬ 
taining 15 ml of distilled water at room tempera¬ 
ture and a second, untreated, washed slice in an¬ 
other tube of distilled water. After 1 hr, compare, 
with the colorimeter, the red pigment that has 
diffused out. 

C. Effect of Organic Solvents. Place 1 slice 
of beet, after washing in tap water as above, in a 
test tube containing 15 ml of 30^ methyl alcohol. 
To a second test tube add 15 ml of distilled water, 
and insert a slice of washed beet as above. Al¬ 
low the tubes to stand at room temperature, with 
occasional stirring, for 1 hr. Then compare the 
red pigment in the tubes, using the colorimeter. 
Correct the reading for the benzene tube by 
measuring the absorption of the saturated ben¬ 
zene solution alone. 


At one time it was believed that mineral salts 
simply entered plant cells by diffusion. According to 
this view the concentration of any ion within a plant 
cell could be related to a diffusion gradient, which 
might be quite different for different ions. Ions that 
could penetrate the external protoplasmic membrane 
would move across the cell in the aqueous medium 
of the cytoplasm and might, under certain circum¬ 
stances related to the nature of the differentially 
permeable vacuolar membrane, be found in the 
aqueous fluid of the vacuolar sap. 

That the absorption of mineral elements by living 
plant cells is not merely a result of simple diffusion 
was first made strikingly clear by an experiment very 
much like the one described below, which yon will 
perform. From this experiment and similar experi- 
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ments performed on plant roots, it is now known that 
the absorption of mineral elements is an active proc¬ 
ess, which requires an expenditure of energy. The 
energy required for salt accumulation is provided 
within the cell by the energy-releasing process of 
aerobic respiration. Energy bound in sugar molecules 
is released in a form that can be used to carry out the 
work of concentrating ions within the living cell. 
Apparently the active absorption into the cells of ions 
from dissociated electrolytes in solution is a phenom¬ 
enon common to all living plant cells. Since the 
process is dependent upon aerobic respiration, ab¬ 
sorbing cells must have access to respirable materials 
such as sugars or other stored carbohydrates and 
must have an adequate supply of oxygen. 

The absorption of cations and anions occurs inde¬ 
pendently; thus ions may be absorbed at different 
rates and be accumulated independently. For every 
ion absorbed from the surrounding medium, the 
plant gives up a similarly charged ion, and in this 
way maintains electric neutrality. For cations ab¬ 
sorbed, the plant releases cations, usually hydrogen 
ions produced during its metabolism; for anions ab¬ 
sorbed, the plant releases anions, usually hydroxyl 
ions or bicarbonate ions. Such ionic exchanges, how¬ 
ever, do not depend upon respiratory energy, but 
are like any ionic exchange. Differential ion exchange 
can result in increased concentrations of hydrogen 
ion in the external solution, with a corresponding 
change in the pH. Within the plant vacuole differen¬ 
tial ion uptake may be accommodated by the natural 
buffer systems within the plant. 

As to the mechanism of the accumulation process 
itself, there have been a number of theories proposed, 
but none seems complete in itself. According to one 
view, the accumulation of ions is associated with a 
specific enzyme system that is a part of aerobic 
respiration. In some way, the energy released by the 
aerobic breakdown of sugars is harnessed and used 
to transport ions across the cell and against the diffu¬ 
sion gradient. In another view, each ion reacts at the 
cell membrane with a substance in the cell to form a 
complex that moves into the cell, where the ion is 
then released into the vacuole. Whatever the mech¬ 
anism, salt accumulation is one of the clear examples 
of mechanical work accomplished in the cell by the 
utilization of metabolically released energy. At a later 
stage, we shall have occasion to refer to this active 
process in its relation to metabolic processes. 

############^#######^###»########################### 

Experiment 25. The Accumulation of Chloride 

Dilute a 10 ml sample of the standard chloride 
solution (0.2 mg Cl/ml) to 50 ml with distilled 
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water. Add several drops of 5% potassium chro¬ 
mate (K 2 Cr0 4 ) indicator solution, and titrate 
with 0.02N silver nitrate (AgNOa) solution until 
a faint reddish-brown color appears and remains 
permanent as the solution is stirred. (The red¬ 
dish-brown color is produced by Ag 2 Cr0 4 , which 
is permanent only after all AgCl has been precipi¬ 
tated. ) Obtain an unknown, dilute 10 ml aliquots 
to 50 ml, titrate until two agree closely, and cal¬ 
culate the concentration of chloride. If your re¬ 
sult is approved by the instructor, proceed with 
the next part. 

Dilute 1 ml of sap expressed from Nitella or 
some other water plant grown in a fresh-water 
pond or large fresh-water aquarium to 50 ml 
with distilled water, and titrate as above. Also 
evaporate, by boiling, 400 ml of the pond water 
in which the plants were grown to approximately 
90 ml (which requires about 1.5 hr), dilute to 
100 ml with distilled water, and titrate 50 ml 
portions. All titrations should be made in dupli¬ 
cate. Complete the calculations asked for on the 
report sheet. 

################### ^^^^#^######################## 

E. The Nutrition of Isolated 
Plant Parts 

An extension of the water-culture technique used 
in earlier experiments for the study of the nutrition of 
plants has been the development of techniques for 
the culture of excised plant parts. The nutrient 
medium necessary for the continued development of 
a plant organ or tissue isolated from its site in the 
functioning plant must be designed to provide all 
the requirements normally supplied from the rest of 
the plant. Isolated nonphotosynthetic organs, such as 
root tips, are heterotrophic for carbohydrates and for 
certain vitamins in addition to mineral nutrients. Be¬ 
cause carbohydrate substrates are added to the nu¬ 
trient medium, sterile conditions must be used to 
prevent contamination of the medium by microorgan¬ 
isms. 

Like the whole plant grown in water culture, 
excised plant parts will develop normally only if 
they are provided with all the required mineral nu¬ 
trients. It is not surprising that the mineral nutrients 
required for the culture of plant parts are the same 
as those needed by intact plants. That nonphotosyn¬ 
thetic tissues, such as excised root tips, require for 
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their development in culture an energy source in the 
form of a soluble carbohydrate, such as the simple 
sugar sucrose, is also not unexpected. Certain other 
soluble carbohydrates can be utilized by excised 
roots grown in nutrient media, but they are usually 
less effective than sucrose. 

One of the most interesting facts that have come 
out of the study of the development of isolated plant 
parts in a synthetic nutrient medium is the require¬ 
ment of excised roots for certain vitamins. An ap¬ 


parently general requirement of such roots is for 
vitamin B-l, or thiamin. This vitamin is an organic 
molecule apparently synthesized only in the shoot 
portion of the plant and is supplied by the shoot to 
the root. The vitamin, like some of the mineral ele¬ 
ments, acts as a cofactor in certain metabolic reac¬ 
tions and is thus essential for normal development. 
Upon isolation of the root from the rest of the plant, 
the vitamin must be supplied to the root from the 
external medium. Other vitamins, especially of the 
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B complex, have also been shown to be required by 
isolated roots, which lack the capacity to synthesize 
them. From such studies we have learned much 
about the interdependence of various plant structures 
and the over-all correlations that exist in a normal 
functioning organism. 

In addition to the successful culture of the meri- 
stematic tissues of the growing root tip, it has been 
possible to culture in similar nutrient media the 
meristematic regions of the shoot apex, tissues de¬ 
rived from the vascular cambium, and tumor-like 
tissues derived from proliferating plant structures 
produced by disease or injury, as well as to carry 
through to maturity immature plant embryos isolated 
from dormant or otherwise nongerminable seeds. 
From the study of nutrition and organogenesis in 
these isolated plant parts we are gaining an increas¬ 
ingly intimate knowledge of the physiology and 
biochemistry of the plant as a whole. 

#################################################### 

Experiment 26. The Growth of Excised Roots in 
a Nutrient Culture 

Select a fully ripe tomato with an unbroken 
skin, wash in cold water, and then carefully dry. 
Procure sterile seed from the fruit in the follow¬ 
ing manner. Using a scalpel that has been dipped 
into 95% ethyl alcohol and then flamed, cut the 
skin of the tomato along 4 quadrants from the 
stem end. Then tear open the tomato into 4 sec¬ 
tions, taking care not to touch the inner tissues. 
Using flame-sterilized forceps, remove 20 fully 
mature seeds, transferring 5 seeds to each of 4 
sterile 11 cm Petri dishes (Fig. 16-A) containing 
coarse filter paper. Using sterile procedures, add 
sterile water from test tubes until the seeds just 
fail to float. The Petri dishes may be previously 
sterilized, dry in an oven at 150 °C for 2 hr or in 
a steam autoclave at 15 lb pressure for 20 min. 
Label the dishes, and place them in the dark at 
25°C to germinate. Discard the tomato. If whole 
tomatoes are unavailable, dried tomato seed may 
be sterilized by thorough immersion for 30 min 
in a 0.5% aqueous solution of sodium hypochlorite 
to which a small amount of detergent has been 
added. 

Prepare White’s medium® as follows: Put 500 
ml of glass-distilled water into a 1 liter Erlen- 
meyer flask. Add the appropriate amounts of the 
stock solutions of macronutrient salts, micronu- 

° White, P. R. 1943. A Handbook of Plant Tissue Culture. 
The Ronald Press Co., New York. 


trient salts, non sulfate, and vitamins, as indi¬ 
cated in the accompanying table, shaking thor¬ 
oughly after each addition.! Add 20 g of crystal- ( 
line sucrose, swirl the flask immediately until dis¬ 
solved, and make up to 1 liter volume. Pour 50 
ml amounts of the solution into 125 ml Erlen- 
meyer flasks, plug each flask with a rolled cotton 
plug wrapped in cheesecloth, cap with a paper 
cup (Fig. 16-A), and autoclave the flasks in a 
steam autoclave for 20 min at 15 lb pressure per 
square inch. Never allow the complete solution 
to stand without autoclaving. Store the flasks un¬ 
til transfers are to be made. 

From 5 to 7 days after isolating the seeds, use 
a sharp sterile scalpel to excise 1 cm root tips 
from 10 healthy, germinated seedlings (Fig. 
16-B), and transfer each root tip (with a sterile 
transfer needle) to a separate 125 ml Erlenmeyer 
flask containing 50 ml of sterile White’s medium, 
prepared according to the instructions above. 
Successful sterile transfers can best be made in a 
dust-free room in which there are no air currents. 

The working table should be wiped down thor¬ 
oughly some time before transfer. Air-borne con¬ 
tamination can be reduced by spraying the room 
with a fine mist of propylene glycol and allowing { 
it to settle before transfers are made. 

Certain precautions will be found necessary in 
maintaining successful sterile technique. Remem¬ 
ber that all unsterilized instruments, surfaces, 
and objects, as well as dust borne in the atmos¬ 
phere, are possible sources of bacterial or fungal 
contamination. When transferring roots from a 
sterile Petri dish to the flask, always open the 
Petri dish partially so that the lid still covers the 
contents of the dish, as illustrated in Fig. 16-B. 
Sterile root tips should be rapidly transferred to 
the sterile nutrient medium in the flask. First 
remove the cotton plug, holding it between the 
first and second fingers (Fig. 16-C). With the 
same hand hold the flask about 45° from the ver¬ 
tical to minimize air contamination, and then 
place the root tip in the liquid with the transfer 
needle, carefully avoiding touching the sides of 
the flask. Replace the cotton plug without its hav¬ 
ing touched any nonsterile surface. The same 
procedure is followed when cutting the root into 
segments, using flame-sterilized scissors. Instru- 

f Add MgSO, to a large volume of the solution just before ( 
making up to the final volume. 
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TABI.K 

2. White’s Medium 




Stock 

Needed for One 


Composition of 

Final Concentration 


Solution 

Liter of Final 


Stock Solution 

in Nutrient Medium 


No. 

Nutrient Medium 

Nutrient 

(g/liter) 

(mg/liter) 

Molarity 



Ca(NO,),° 

2.0 

200 

1.2 X 10 * 



Na_SO t 

2.0 

200 

1.4 X 10 * 

1 

100 ml 

KNO, 

0.8 

80 

8 X 10 4 



KCl 

0.65 

65 

9 X 10 4 



NaH.PO* 

0.165 

16.5 

1.3 X 10 4 

2 

10 ml 

MgSO.t 

36.0 

360 

3 X 10 1 



MnSO* 

0.45 

4.5 

3.7 X 10 * 



ZnSO« 

0.15 

1.5 

9.4 X 10- 



H-BO, 

0.15 

1.5 

1.2 x 10- 

3 

10 ml J 







KI 

0.075 

0.75 

4.5 x 10- 



CuSO.t 

0.002 

0.02 

1.2 X 10- 



Na : MoO,t 

0.021 

0.21 

1.0 X 10- 

4 

10 ml 

Fe 3 (S0 4 ) s # • 

0.25 

2.5 

6 x 10* 



Glvcine 

w 

0.3 

3.0 

4 x 10- 

5 

10 ml < 

Thiamin 

0.01 

0.1 

2.3 x 10- 



Pyridoxine 

0.01 

0.1 

4.9 X 10- 



Nicotinic acid 

0.05 

0.5 

4x10* 



Sucrose 


20 g 

6 x 10- 


Class-distilled water to make one liter. 

Final pH after autoclaving, 5.5; osmotic value, 1.8 atm. 


f A«W U M.rsn 8, I tS f< T Water ,° f h > d /f ion *M r ochlorides, etc., which are not included above, 
t For t- a iUgC Volm J\ e w * he f >,ution » ust * K ‘f° re making up to the final volume. 

'• This ^deupTrih'^ P " b,ish «> «*->• 


ments should be sterilized after every single 
operation by dipping them in alcohol and then 
igniting the alcohol in a flame. With care it is 
possible to keep contamination to a minimum. 

One week after starting the root tips, measure 
the length of each root by holding a millimeter 
ruler behind the flask. Count the number of lat¬ 
eral roots on each root. Excise 1 cm primary root 
tips from 5 roots, using sterile scissors, and trans¬ 
fer them to a fresh medium. Excise five 1 cm root 
segments (see inset. Fig. 16), each containing at 
least 1 lateral root, from the middle region of the 

week-old roots, and transfer the segments to 
flasks containing a fresh medium. 

At the end of 1 week following the first trans¬ 
fer, measure the length of the primary roots and 


the elongating lateral roots, and count the num¬ 
ber of laterals produced. Continue the roots in 
the same medium for another week, and then 
repeat the measurements. Calculate averages 

for each group of roots, and record the data on 
the report sheet. 




° uloluucu ttUUve, 

involving several transfers, one can readily design 

simple experiments demonstrating the essentiality 

of the various vitamins, the carbohydrate, and the 

major mineral elements included in the complete 

medium More elaborate experiments titan that 

described here, however, require a good supplv 

Of glassware, especially of flasks, and must be 
planned with care. 


WATER RELATIONS 



Living organisms develop normally and are usu¬ 
ally most vigorous and active when their cells are 
fully saturated with water. If, as a part of the normal 
course of development or because of an inadequate 
supply of water, plants have a reduced water con¬ 
tent, then the rate of their development is corre¬ 
spondingly reduced. Highly active tissues, such as 
photosynthesizing leaves, contain about 95 percent 
water. In contrast, an exceedingly low level of meta¬ 
bolic activity is found in quiescent or dormant struc¬ 
tures, such as seeds, which usually contain less than 
10 percent water. This relation between activity and 
water content can also be observed when a vigor¬ 
ously growing plant, such as a tomato plant, is sub¬ 
jected to an inadequate supply of water. Not only is 
its development restricted, but all vital functions 
proceed at reduced rates. A particularly spectacular 
illustration is seen in certain club mosses (Selaginella 
lepidophyUa) usually called “resurrection plants.” 
These plants can be kept on a shelf in an almost 
completely desiccated condition for prolonged pe¬ 
riods. As soon as they are soaked in water, develop¬ 
ment is initiated. 

Although, in the actively growing plant, develop¬ 
ment is impeded by a reduced water content of the 
tissues, the desiccated state is still of great impor¬ 
tance during the life of and for the survival of the 
organism. Concomitant with decreased activity is a 
reduced sensitivity of cells to the physical and chemi¬ 
cal factors of the environment. Thus, though dry 
seeds will not develop, neither are they killed by 
high or low temperatures that would be lethal to the 
vegetative plant. In fact, adaptation of plants to both 
drought and cold frequently involves a reduction in 
water content. 

The typical terrestrial plant may be thought of as 
an elaborately differentiated structure that is, in es¬ 
sence, an extension into the atmosphere of the aqua¬ 
tic habitat. The bulk of water is given shape by the 
cellular components, with their rigid walls and proto¬ 
plasmic contents, and is retained by the outer waxy 
layer that envelops the plant. This outer layer of 
suberin and cutin, coating the epidermal and cork 


tissues, is neither completely impervious to water nor 
continuous. Water, therefore, is constantly evapo¬ 
rated from the aerial portions of the plant except 
when the air is fully saturated with water vapor. As 
a rule, then, water enters a plant through the roots, 
passes upwards into the stem and leaves, and evapo¬ 
rates thence into the atmosphere. On the way up, 
the water passes laterally into all the cells of the 
plant. When water evaporation by the shoot system 
exceeds water absorption by the root, the cells of the 
plant become less than saturated, and development 
of the plant is affected. 

Much more water passes from the soil to the at¬ 
mosphere, by way of the plant, than is required 
as an integral part of the plant itself. A mature corn 
plant, for example, is composed of about two liters 
of water but may have absorbed (and evaporated) I 
some two hundred liters during its development. 
Most of the experiments in this section are concerned 
with the passage of this large bulk of water into and 
out of the plant. Before turning to this problem, we 
must consider the location of the water that is a 
constituent part of the plant. Much of this water is 
contained in the vacuoles of the cells throughout the 
body of the plant. The vacuolar sap is a dilute solu¬ 
tion consisting of as much as 98 percent water and 
having dissolved in it such low-molecular-weight sub¬ 
stances as sugars, amino acids, inorganic ions, and 
water-soluble pigments. In some plants there may be 
significant quantities of more complex substances, 
such as proteins, tannins, and mucilages. The tissue 
component next highest in water content is the proto¬ 
plasm, which is about 85-90 percent water. A portion 
of this water is more or less tightly adsorbed upon 
the colloidal particles of the protoplasmic materials, 
particularly the proteins. Such adsorbed water mole¬ 
cules, whose freedom of motion is restricted, are 
referred to as imbibed or adsorbed water in contrast 
to the freely mobile (kinetic-motion) water. The 
lowest water content in the tissues is found m the 
cell walls. Even so, they contain a considerable 

amount, much of which is adsorbed water. 4 

Water needed by a plant enters via the roots. Ihe 
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entry of tin's water, the subsequent internal distribu¬ 
tion of it to all the cells of the plant, and the ultimate 
loss of most of it from the leaves require at each 
stage that water pass through protoplasmic mem¬ 
branes. The transport across the protoplasmic mem¬ 
branes is by osmosis. The process of osmosis, con¬ 
sequently, must be understood before the over-all 
water relations of the plant can be considered. After 
the experiments concerned with the osmotic process, 
we shall take up, in order, the entrance of water into 
roots, transpiration, the upward movement of water, 
and the availability of soil water to plants. 

Because much of a living organism is water, and 
because water is the medium in which all life-giving 
metabolic activity proceeds, we tend to take water 
for granted without realizing its full significance in 
the physiology of living organisms. We sometimes 
forget the vast annual expenditures of energy and 
money that ensure a supply of water to our villages 
and cities for our own bodily requirements and to 
our farms for the production of agricultural products. 

On the other hand, we become acutely aware of 
the necessity of water when the reservoir supply 
becomes alarmingly low or when a drought results 
in a national emergency. One can scarcely overesti¬ 
mate the importance of water in man’s economy. 
Neither should one forget the overwhelming signifi¬ 
cance of water in the economy of man s chief source 
of food—the growing plant. 

A. Osmotic Quantities 

Water molecules and all molecules and ions dis¬ 
solved in water are in continuous random motion. 
Whenever one part of a solution has a greater con¬ 
centration of either water or solute particles, this 
random motion results in the net movement of each 
kind of particle until each is equally distributed 
throughout the solution. This is the process of diffu¬ 
sion. Osmosis is nothing more than diffusion taking 
place under restricted conditions. For our purposes 
we need consider only aqueous solutions. Osmosis 
occurs when a liquid is divided into two parts by a 
membrane that restricts the attainment of the final 
equilibrium (equal distribution) by allowing onlv 
the movement of water across it. 

The vacuolar membrane, which separates the 
vacuolar sap from the protoplasm, and the plasma 
membrane, which separates the protoplasm from the 
cell wall are differentially permeable membranes 
m that they allow water to pass freely but permit 
the passage of solutes only very slowly under most 
conditions. If such a membrane separates two solu- 
ions with different ratios of water to solute parti¬ 


cles, equilibrium can be attained only by the net 
transport of water across the membrane since the 
solutes do not readily pass through. 

One can either calculate or measure directly the 
force with which pure water will tend to push into 
a solution contained within a differentially permeable 
membrane. This value, known as the osmotic pres¬ 
sure (OP) or osmotic concentration, is characteristic 
of a solution and simply indicates what would 
happen if the solution were placed under the pre¬ 
scribed conditions. It is useful to remember that a 
solution whose concentration is 1\1 with respect to 
solute particles (undissociated molecules or ions) has 
an osmotic pressure of approximately 22.4 atmos¬ 
pheres and that the pressure is proportional to the 
molar concentration as long as the concentration is 
fairly low. The osmotic pressure of the vacuolar sap 
of a group of similar cells can be determined experi¬ 
mentally by the method described in Experiment 27. 
The procedure consists of finding a solution (usually 
a sucrose solution) that has the same osmotic 
pressure as the vacuolar sap. 

Most of the time, the sap of living plant cells is 
under pressure by virtue of confinement within the 
cell walls. The water, therefore, has a tendency to 
escape, just as water under pressure in a pipe tends 
to escape. The pressure is called turgor pressure 
(TP). Because of the osmotic pressure of the sap, 
pure water tends to enter the cell; the turgor pressure 
in the cell results in an opposing tendency for water 
to leave the cell. The actual force, then, with which 
water would enter the cell is the difference between 
the osmotic pressure and the turgor pressure. To 
measure the osmotic pressure only, then, it is neces¬ 
sary that the sap be under no pressure—that is, that 
TP — 0. The method of determination takes ad- 
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just after enough water has left a cell to relieve any 
turgor pressure that might have been present. Plas- 
molysis is readily recognized since the protoplast 
shrinks away from the cell wall as the vacuole loses 
water beyond the point at which it just comfortably 
falls the cell without being under pressure. The stage 
at which the volume of the vacuole is just sufficient 
to keep the protoplasm against the cell wall, so that 
any s, jS ht Ioss of water would result iu shrinkage 
away from the wall, is called incipient plasmolysis. 
In any group of cells, such as the epidermal strip 
used here, there will be slight variations in the 
osmobc pressure of the vacuolar saps. When one 
fands the external solution in which half of the cells 

rtw'of yZed and h f U Me n0t ' the avera S e 

nHsmol P' asmol > sis - Since at incipient 

plasmolysis the sap is under no pressure, the osmotic 
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figure 17 Turgid (upper) and plasmo- 
lyzed (lower) cells in epidermal strips 
from leaves of Rhoeo discolor. 


pressure of the external solution must be just balanc¬ 
ing that of the vacuolar sap. 

The osmotic pressure of cell sap varies widely in 
different plants and in different cells within the same 
plant. Plants storing large amounts of sugar may 
have a high osmotic pressure, as, for example, the 
fruit of grape with a pressure of 40 atmospheres. In 
the salt-loving plants, the halophytes, which grow 
in brackish areas with a high mineral-salt content in 
the soil, the osmotic pressure of the cell sap may be 
extremely high—in some cases, because of dissolved 
salts, above 200 atmospheres. In any tissue of a plant 
the osmotic pressure of the cell sap will depend 
upon the water available to the plant as a whole, its 
metabolic activity in the production of osmotically 
active organic compounds, and other factors. 

Experiment 27. Determination of the Osmotic 
Pressure of Cell Sap 

Fill small test tubes about 1/3 full with the 
following series of sucrose solutions: 0.28, 0.26, 


0.24, 0.22, 0.20, 0.18, 0.16, 0.14M. With a scalpel 
and a pair of forceps carefully peel off small strips 
of the lower epidermis of Rhoeo discolor leaves. 
(Thin epidermal strips from purple onion bulbs 
may be substituted.) Examine a strip of the epi¬ 
dermal tissue to verify that it consists of intact 
cells containing the red-colored anthocyanin pig¬ 
ment dissolved in the vacuolar sap. Drop a strip 
into each tube, at about 4-min intervals between 
successive tubes. 

Exactly 30 min after immersion of each strip, 
examine the cells under the microscope for plas- 
molysis (Fig. 17), mounting the strip in the same 
solution in which it has been immersed. Count 
cells showing any plasmolysis as plasmolyzed. Ex¬ 
amine about 25 cells. Record in tabular form the 
number of cells plasmolyzed and unplasmolyzed 
in the various solutions, and plot the percentage 
of cells plasmolyzed against the molar concentra¬ 
tion of sucrose. The solution in which half of the 
cells are plasmolyzed is considered to have the 
same OP as the cell sap. Interpolate if necessary. 

Calculate the OP of the epidermal cells by the 
following formula (show calculations in your 
write-up): 



22.4MT 

273 


in which OP = osmotic pressure in atmospheres, 
M = concentration of external solution in incip¬ 
ient plasmolysis (moles/liter), and T = absolute 
temperature 0°C = 273°T on the absolute-tem¬ 
perature scale; add to this value the temperature 
of the laboratory in degrees centigrade). If you 
wish to use this formula for electrolyte solutions, 
a correcting factor for ionization must be intro¬ 
duced. In all cases, application of this formula 
is limited to rather dilute solutions—less than 

about 0.5M. 


Knowing the osmotic pressure of the vacuolar sap 
in a cell is of no use in itself when the problem is to 
find out whether or not water will enter or leave the 
cell under a particular set of conditions. Consider, 
for example, a situation in which the sap of a cell is 
sufficiently compressed so that the turgor pressure 
of the ceil is equal to the osmotic pressure of the 
vacuolar sap. In this condition the outward push o 
water molecules due to the turgor pressure will just 
balance the force with which pure water tends to 
enter the cell because of the osmotic pressure of t 
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sap. Thus, it this cell is immersed in pure water, 
there will be no net loss or gain of water. 

What if the turgor pressure is less than the osmotic 
pressure? Then pure water will tend to enter with a 
force equal to the difference between the two. Of 
course, since water is highly incompressible, the 
entrance of any water will further compress the sap 
and raise the turgor pressure to the value of the 
osmotic pressure, and net transfer of water inward 
will stop. Thus, whether or not pure water will enter 
a cell depends on the difference between the maxi¬ 
mum possible turgor pressure, which is equal to the 
osmotic pressure, and the actual turgor pressure. This 
difference is called the diffusion pressure deficit 
(DPD), and the relation is summarized as follows: 

DPD = OP - TP 


This equation states an important relation that you 
will do well to get thoroughly in mind. If you know 
any two of these quantities, you can always discover 
the third. You will find this equation of constant 
value to you in your subsequent consideration of 
water relations in plant cells. 

The diffusion pressure deficit of a cell can be 
determined by the method described in Experiment 
28. In the preceding experiment, on the determi¬ 
nation of osmotic pressure, the information sought 
was the force with which water tends to enter the 
cell when the turgor pressure is zero. In contrast, 
the measurement now to be made is the force with 
which pure water tends to enter the cell when the 
existing turgor pressure is active within the cell. 
The method consists of establishing the concentration 
of the external solution (usually sucrose) whose 
osmotic pressure is such as to balance exactly the 
diffusion pressure deficit of the sap. Under such 
conditions there will be no net loss or gain of water. 
Any other concentration of sugar in the external 
solution will result in either a loss or a gain of 
water by the cell and hence in a change in 
fresh weight. The diffusion pressure deficit is the 
truly significant and useful measurement in plant- 
water relations. It represents the force with which 
unconfined pure water—that is, water under no 
pressure—tends to enter a cell. 


Except under laboratory conditions, a plant c< 
is seldom, if ever, immersed in pure water. Me 
commonly a cell is adjacent to another cell, is 
contact with a dilute solution, such as the soil sol 
tion, or is exposed to the atmosphere, as are tl 
cells of the leaf. In any of these situations, to predi 
the direction and force of water movement, one mt 
know the diffusion pressure deficit of the cells « 
each side of the membrane. Water will move towa 
the cell with the higher diffusion pressure d e fi< 


A 
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until the deficits on the two sides of the membrane 
become equal. In the cell into which water moves, 
therefore, the turgor pressure will increase and the 
diffusion pressure deficit will decrease. At the same 
time, in the cell losing water, the turgor pressure will 
decrease and the deficit increase. Whenever water 
enters or leaves a cell, there are, of course, minor 
changes in the osmotic pressure of the cell because 
the vacuolar sap becomes more concentrated or more 
dilute during the process. These effects are usually 
small and can safely be ignored, as we have ignored 
them in this discussion and in the experiments that 
follow. Water, then, always moves between cells 
when there is a gradient in diffusion pressure deficits; 
it moves toward the higher deficit with a force equal 
to the difference between the two deficits in the cells 
involved. 

#################################################### 

Experiment 28. Determination of the Diffusion 
Pressure Deficit of Cells 

Prepare 11 containers (bottle, beakers, etc.), 
each containing 100 ml of one of the following: 
distilled water, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 
0.45, 0.50, 0.55, and 0.60M sucrose solutions. Pre¬ 
pare these by making up 500 ml of 1M sucrose 
and diluting as required. 

The next part of setting up this experiment 
must be done as quickly as possible. Using a 
cork-borer of 1 cm diameter, obtain from 1 potato 
11 cylinders, each 4 cm long, with all suberized 
layers trimmed off (Fig. 18). Place the cylinders 
in a covered container. Cut a cylinder into a large 
number of very thin slices with a razor blade 
(Fig. 18-C), wash quickly in water, blot dry, 
weigh, and place in one of the solutions. Do this 
with each cylinder in order. 

Exactly 2 hr after immersion of a particular 
cylinder, remove the slices, blot dry, and weigh. 
Repeat this procedure until all the cylinders have 
been weighed. Present the data in a table show¬ 
ing original weight, final weight, and change in 
weight. Make a graph plotting change in weight 
against sucrose concentration of the solutions. 
Using the formula given in Exp 27, calculate the 
DPD of the potato tissue. 

B. The Absorption of Water 

Roots absorb water by osmosis. It should be 

possible, therefore, to regulate the water absorption 



of a plant by controlling the diffusion pressure deficit 
of the solution in which the roots are immersed. 
When the deficit of the external solution (which 
must be equal to its osmotic pressure since an un¬ 
confined solution can have no turgor pressure) is 
lower than that of the plant cells, water should pass 
from the solution into the root system. With in¬ 
creasing external solute concentrations, the entry of 
water into the roots should become slower, until the 
direction of water movement may finally be reversed. 
In Experiment 29 these postulated responses are 
tested. 

If any of the external solutions have a diffusion 
pressure deficit high enough to seriously retard water 
absorption by the roots, you should expect the de¬ 
creased water absorption to be reflected in impeded 
development, particularly in decreased growth. The 
distention of cells during cell enlargement results 
from water pushing into these cells in response to a 
diffusion pressure deficit. The compressed sap pushing 
outward against extensible cell walls causes the en¬ 
largement. A high external deficit can so restrict the 
entrance of water that the cells of the plants will 


not be fully turgid and cellular enlargement will not 
occur. 

Although the roots of the plants in Experiment 29 
are completely immersed in aqueous solutions, the 
plants are unable to absorb sufficient water because 
of the unfavorable gradients in diffusion pres¬ 
sure deficit between external solutions and roots. This 
situation has been called physiological drought in 
contrast to drought due to the complete absence of 
water. In physiological drought, water is frequently 
in ample supply, but the plant is unable to absorb 
it because of the osmotic conditions. 

Conditions very similar to those of Experiment 29 
exist in the saline and alkali soils found particularly 
in the southwestern part of the United States. The 
osmotic pressure of the soil solution of most well- 
watered agricultural soils is usually about 0.5 atmos¬ 
phere or less. In saline and alkali soils the concen¬ 
tration of solutes may be so high as to result in 
diffusion pressure deficits of 100 atmospheres or more. 
With the exception of certain halophytes, plants 
cannot develop in such soils. A related agricultural ^ 
problem is the excessive accumulation of solutes in 




65 


THE ABSORPTION OF WATER 

soils subjected to frequent irrigation with water of 
high solute content. Man-made saline soils are pro¬ 
duced, and steps must be taken to lower the liigh 
salt content before the soils are usable once more for 
growing crop plants. 


Experiment 29. Osmotic Effect of Nutrient Salt 
Concentration on Water Absorption and Plant 
Growth 

By appropriate dilutions of a 0.5M CaCh stock 
solution, make up 200 ml each of 0.01, 0.02, 0.03, 
0.05, 0.1, and 0.2\1 solutions. Place the solutions 
in half-pint jars, and include 1 jar with distilled 
water only. Select 14 uniform, vigorous, 10-day- 
old sunflower seedlings that have been grown in 
sand. Place 2 plants in a cork, using cotton for 
support (keep cotton out of solution), and place 
in a jar. Measure and record the length of the 
stem above the cotyledons, using a millimeter 
ruler. Similarly set up plants in corks for the other 
jars. Mark the level of the liquid in each jar with 
a glass-marking pencil. 

At the next laboratory period add measured 
amounts of distilled water up to the mark, and 
take notes on the appearance of the plants. 

After they have been in the solutions one week, 

remove the plants, and determine the length of 

the shoots above the cotyledons. Observe the 

condition of the plants. Determine the amount 

of water needed to restore each solution to its 

original level. Make a table showing the results, 

including the total amount of water used in each 
jar. 




In the preceding experiment, water absorption t 
the roots was effectively reduced or prevented con 
pletely by immersion in a salt solution with a hie 
diffusion pressure deficit. The plants were unable 1 
absorb water, the cells lost their turgidity, and t Y 
p ants showed the effect. Most soil solutions in whic 
plant roots are immersed have a low osmotic pressui 
and therefore a low diffusion pressure deficit Unde 
these conditions, root systems absorb water readil 
and w,th some force. The force of such absorptio 
can be studied experimentally with decapitate 
1 ants, as in the following experiment. The lare 
evaporating surfaces of the growing shoot are re 
moved, and one can focus attention on the root a 
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an absorbing structure. Since, as will be determined 
experimentally later, the water absorbed by roots 
moves in the conducting elements of the xylem, one 
can detect water absorption by the roots of a de¬ 
capitated plant by observing the solution exuding 
from the xylem at the cut surface of the stump. 

For purposes of analysis the root system can be 
thought of in simplified terms. All of the living cells 
across the root, from the root hairs to the dead vessels 
and tracheids of the xylem, can be considered as a 
complex membrane behaving as a single differentially 
permeable membrane between the soil solution on 
one side and the xylem sap on the other. Collections 
of xylem sap made in the region of the root are 
usually found to have osmotic pressures of about two 
atmospheres. Since in the decapitated plant the 
xylem sap is not enclosed, it can have neither a 
positive pressure (turgor pressure) nor a negative 
pressure (tension, —TP), and its diffusion pressure 
deficit is therefore equal to its osmotic pressure. 
Since the soil solution of typical fertile agricultural 
soils usually has an osmotic pressure of about 0.5 
atmosphere or less, and since, again, no pressure, 
either positive or negative, is possible, the diffusion 
pressure deficit of the soil solution is also about 0.5 


atmosphere. With what force, then, should water 
enter the xylem and be pushed up to the cut surface 
of the stem? Such a calculated value, based on 
averages of many measurements of the osmotic 
pressure of both xylem saps and soil solutions, seems 
to agree quite well with the determinations made on 
a variety of plants by an experimental procedure 
much like that demonstrated in Experiment 30. In 
determining the actual pressures involved, it is con¬ 
venient to use a column of mercury or a mercury 
manometer rather than a simple water column. The 
reason for tliis is evident when one considers that 




of water thirty-two feet in height. With mercury, 
13.5 times as heavy as water, one can measure an 
atmosphere in centimeters (1 atm = 76 cm). 

The push of water into the roots and up the xylem 
is called root pressure. When, as in Experiment 30, 
the xylem sap flows out of the cut stump, this flow 
is called exudation. When intact plants that are not 
too tall are maintained in an almost saturated atmos¬ 
phere, so that there is little or no evaporation of 
water from the leaves, then root pressure forces the 
xylem sap up into the leaves under pressure and out 
of the leaves through special structures, the hy- 
dathodes. This loss of liquid water is called guttation 
True guttation must be distinguished from the secre- 
tion °f liquid by glands in certain leaves, which does 
not involve root pressure at all. 
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WATER RELATIONS 


Experiment 30. Root Pressure and Xylem Exu¬ 
dation 

A. Root Pressure. 1. For this experiment you 
will be provided with a well-established, prefer¬ 


ably woody-stemmed, potted plant. Any of the 
following plants are particularly good for this 
experiment: fuchsia, coleus, pelargonium, gera¬ 
nium, tomato, begonia, sunflower, salvia. Thor- 


figure 19 Apparatus and procedures for studying root pressure and its manifestations. A: 
Measurement of root pressure with a water manometer. B: Determination of root pressure 
with a mercury manometer. C: Determination of the volume of exudation. 
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oughly moisten the soil in tlie pot. Using a sharp 
knife or pruning shears, cut off the stem of the 
plant 1-2" above the soil. Slip a piece of tight- 
fitting rubber tubing over the stump, leaving an 
inch of tubing above the cut surface. Using soft 
wire, secure the tube to the stump, bill the tube 
with 0.1% methylene blue solution, and allow the 
plant to stand for 15 min (Fig. 19-A). 

Insert into the rubber tubing one end of a 3 tt 
length of capillary tubing of 1-2 mm bore, pre¬ 
viously fitted with a cork for supporting it, so 
that the dye solution is forced up the capillary. 
Support the capillary in a vertical position by 
securing the cork in a clamp attached to a stand. 
Wire the rubber tubing to the capillary. Be sure 
that there are no air bubbles in the column of 
solution. Mark the level of the liquid in the capil¬ 
lary immediately with a gummed paper label. 
Every 15 min for the next 2 hr measure and 
record the level of liquid, using the initial mark 
as the zero point. A drop in the level should be 
indicated with a minus sign. Record changes in 
the height of the column of liquid during the 
time you made observations. 

. 2. If it is possible to follow the experiment for 

“ several days rather than a few hours, it is pref¬ 
erable to set up the apparatus with a mercury 
manometer instead of an aqueous column. The 
following arrangement is simple and effective 
(Fig. 19-B). Attach a Pyrex glass T-tube to the 
stump of the plant with rubber tubing and wire 
as before. Fill the tube with water. Arrange a 
heavy-walled glass bottle with a tightly fitting, 
two-holed rubber stopper and with capillary tub¬ 
ing in one hole and a bent glass elbow in the 
other, as illustrated in Fig. 19-B. Carefully pour 
into the bottle about 1/2" of mercury, so that the 
lower end of the capillary tubing is well covered. 
Now attach the glass elbow to the horizontal arm 
of the T-tube with rubber tubing and wire in 
position. When the unit is prepared as illustrated, 
pour water into the system through the top of the 
T-tube, allowing it to run over into the bottle to 
fill the system completely. Be careful to avoid 
trapping air bubbles in the bottle or in the glass 
or rubber tubing. Allow the tubing at the top of 
the T-tube to remain open until the initial period 
of water absorption by the plant is over; then fill 
I up the tube again, and clamp it tightly closed. 
The mercury in the capillary will rise and can be 


followed for days. Make all measurements from 
a marked place on the capillary tubing. 

3. To convert your measurements of column 
height into atmospheres of pressure, the follow¬ 
ing figures, which will be approximately correct 
for normal laboratory conditions, may be used as 
a basis for calculation: 

Water column (specific gravity of water = 

1 . 0 ): 

1,029.5 cm of water — 1 atm pressure 
Mercury column (specific gravity of mercury 
= 13.546): 

76.0 cm of mercury = 1 atm pressure 

Before dismantling the experiment, and while 
the level of the liquid in the capillary is still high, 
pour 50 ml of saturated NaCl solution on the soil. 
Observe the level of the liquid in the capillary. 

B. Xylem Exudation. Select a plant similar to 
that used in part A. Cut off the top of the plant 
as before, and, using a piece of rubber tubing, 
attach to the stump a glass U-tube with the end 
of the tube hanging over a 100 ml graduated 
cylinder (Fig. 19-C). Cover the mouth of the 
cylinder with aluminum foil to prevent evapora¬ 
tion. Keep the soil moist. Collect the xvlem 

* 

exudate for the next 48 hr, measure the volume, 
discard, and repeat for a second period. Enter the 
results on the report sheet. 


C. Transpiration 

Transpiration is the loss of water vapor from the 
surfaces of plants by evaporation from living cells. 
It can occur from all parts of a plant, but most of it 
occurs from the leaves. Usually such water loss 
is great because of the extensive evaporating surfaces 
presented to the atmosphere by a leafy green plant. 
In the intact growing plant, root pressure, which we 
have seen is due to water absorption by roots acting 
as an osmotic system, is small compared with the 
tremendous forces exerted in the evaporation of 
water from the shoot system. Most of the time the 
xylem sap in the xylem tissue is not under pressure 
since transpiration usually exceeds water absorption 
by the roots; indeed, as we shall see later, xylem sap 

ten'sinn^F X******* P^essure-that is, is under 

coWn t??' ^ V0ry trees « ^e water 
column is so high that root pressure would b« unable 

to support it. 
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What determines the rate and amount of transpi¬ 
ration? The total amount, of course, is the rate of 
evaporation per unit area multiplied by the total 
transpiring surface times the elapsed time. To under¬ 
stand the process of transpiration, one must study 
the anatomy of the leaf and understand the relation 
between the living cells of its spongy mesophyll 
tissues and the interconnecting intercellular spaces 
of the mesophyll. The cellulose walls of these cells 
are saturated with water, which evaporates from 
them into the intercellular spaces. The water deficit 
in these cell walls, after the loss of water, can be 
expressed as a diffusion pressure deficit. In response 
to this deficit, water will pass from the vacuole of the 
cell to the cell wall, thereby decreasing the turgor 
pressure of the cell and creating in it a diffusion 
pressure deficit. This will result in a movement of 
water into the cell, from the vessels and tracheids 
of the xylem, either directly or, through intervening 
cells, stepwise. We shall follow the ultimate trans¬ 
mission of this diffusion pressure deficit to the 


figure 20 Apparatus and procedure for de¬ 
termining the relative rate of water-vapor 
loss from leaves by the method using co¬ 
balt chloride disks. 



absorbing roots in later discussions. Note here that, 
if the cells of the leaf have a diffusion pressure deficit 
(that is, are less than fully turgid), this deficit will 
slow down the movement of water to the walls from 
which evaporation takes place and hence will reduce 
the rate of transpiration. 

Water evaporating from the cell wall will tend 
to saturate the air in the intercellular space. If the air 
on the outside of the open stomata is not saturated 
with water vapor, then water vapor will diffuse out 
of the intercellular space, thus permitting more 
evaporation from the cell walls. Clearly, a significant 
amount of transpiration can take place only if the 
stomata are open, since the epidermis of the leaf is 
covered with a layer of cutin almost impervious 
to water. 

The rate of transpiration can thus be related to the 
condition of the stomata, whether open or closed, 
and to the location and frequency of stomatal 
openings on the leaf surface. Stomatal distribution 
varies from one plant species to another. In general, 
stomata are most frequent on the lower epidermis 
of leafy plants and scarce or lacking on the upper 
epidermis. They occupy a very small percentage 
of the leaf area—usually less than one percent. 
Diffusion from the open pores is proportional, how¬ 
ever, not to the area of the opening but to its 
perimeter, and thus water loss from the leaf surface 
via the stomata is considerable. As soon as the ellip¬ 
tical stomata are partially open, diffusion through 
them, occurring all around the edges, is almost at its 
maximum, for the perimeter is little changed on 
further opening. Stomata, then, control transpiration 
only when they are fully closed or nearly so. 

Experiment 31. Relative Rates of Water-vapor 
Loss from Leaves of Various Plants 

Obtain a bottle of cobalt chloride disks 
mounted on folded celluloid. The disks are blue 
when dry and turn pink as they become moist. 
The bottle, which also contains anhydrous calcium 
chloride, should be kept tightly closed and 
opened as short a time as possible when strips are 
taken out. Take a strip out quickly, and attach it 
to a leaf with paper clips so that the blue disks 
are in close contact with the two leaf surfaces 
(Fig. 20). Measure the time it takes for each disk 
to turn pink, one disk measuring the time for the 
upper leaf surface and the other for the lower. 
Repeat this measurement for a number of differ- 
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ent plants as directed by the instructor. If the 
time required exceeds 30 min, consider water- 

vapor loss to be negligible. 

After each of the above measurements, remove 
the leaf from the plant. Paint both surfaces with 
collodion solution. Allow the solution to dry, then 
peel the collodion off and mount on a slide. If the 
leaf is especially hairy, the collodion peel may 
first remove only the hair. Then repeat to remove 
the epidermis. Count the number of stomata 
visible in the low-power field. Determine the ap¬ 
proximate leaf area by placing the leaf on milli¬ 
meter-ruled paper and counting the number of 
squares covered. The instructor will give you the 
area of the low-power field of the microscope. 
From this and the other measurement you can 
make the calculations requested in the report. 

Present the data in a table showing the rates of 
water-vapor loss for upper and lower surfaces, the 
number of stomata per leaf and on the upper and 
lower surfaces, and the number of stomata per 
square millimeter. 




In Experiment 23 it was shown that the rate of 
diffusion depends upon the initial concentration of 
the diffusing substance in relation to the distance 
to be diffused or, in other words, upon the steepness 
of the diffusion gradient. If we assume that the inter¬ 
cellular air of a leaf is saturated with water and at 
the same temperature as the leaf exterior, the rate 
of diffusion out of the leaf will depend upon the 
amount of water vapor in the external air compared 
with the amount it can hold—that is, its relative 
humidity.® If the external air is relatively dry, dif¬ 
fusion outward will be rapid, thereby reducing the 
water-vapor content of the intercellular spaces and 
accelerating evaporation from the cell walls. If the 
external air is saturated, no outward diffusion will 
occur- hence no evaporation from the cell wall will 
take place, and transpiration will stop. 

Any condition that establishes a steep water-vapor 
gradient from the inside to the outside of the leaf 
will hasten transpiration. The effects of several en- 


• Relative humidity is th e ratio of the quantity of varx 
actually present to the greatest amount possible at the sair 

Comp,ete saturation of the air is usually desif 
nated by the expression RH = 100. Raising the temperature 

* t0 h ° Id Water vapor > w hereas lowe 

ng ,ts temperature reduces its water-holding capacity. 


vironmental factors on transpiration are studied in 
Experiment 32, in which any restriction that might 
be imposed on transpiration by inadequate water 
absorption by the roots is eliminated by the use of an 
excised shoot system or branch. Steep gradients 
favoring high transpiration rates are usually found 
following temperature rises in both transpiring tissues 
and the surrounding atmosphere. The former condi¬ 
tion increases the rate of internal water evaporation, 
and the latter decreases the relative humidity of the 
atmosphere outside. A steep gradient is also main¬ 
tained if a breeze constantly carries water vapor 
away from the surface of the leaf. 

Under the usual conditions of a clear summer day, 
the daily variations in the rate of transpiration in a 
great many plants can be explained by the opening 
and closing of stomata, the vapor-pressure gradient 
between the intercellular air and the atmosphere, and 
the water deficit in the plant. At night, in most 
plants, the stomata are closed, and the water lost is 
the negligible amount passing through the cuticle. 
Daylight causes the opening of the stomata (see your 
text for details of the mechanism). When the stomata 
first open, the intercellular air is saturated with water 
vapor while the atmosphere is usually deficient. 
There is, then, a vapor-pressure gradient, and dif¬ 
fusion outward takes place. As the morning goes on, 
the sunlight warms both leaf and atmosphere. Inside 
the leaf, the air increases its water-holding capacity 
but is maintained at or near saturation by evapora¬ 
tion from the cell walls. Thus the water-vapor 
concentration—that is, the vapor pressure—increases. 
In the atmosphere, on the other hand, because of its 
great extent, there is practically no change in water- 
vapor concentration, but there is a decided decrease 
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in we icmuve numiaicy. ine gradient 
steeper as the day progresses, and transpiration in¬ 
creases. When transpiration is rapid, water loss 
exceeds absorption. As the day passes, therefore, a 
water deficit, or diffusion pressure deficit, develops 
in the leaf cells and in all the cells of the plant. This 
tends to lower the rate of transpiration more and 
more as the afternoon progresses. By late afternoon, 
the temperature also begins to drop, lowering the 
vapor-pressure gradient; the rate of transpiration 
then falls off towards late afternoon and drops to the 
low night level as most of the stomata become closed. 
Then, if there is adequate soil moisture, the water 
deficits within the plant are satisfied by water ab¬ 
sorption, and the plant becomes fully saturated and 
turgid. Such is the transpirational cvcle in many leafv 
green plants. Variations in this daily cycle occur as 

one or more of the controllins factors chance from 
day to day. 
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[ Exp 32] 

Experiment 32. The Effect of Environmental Fac¬ 
tors on the Rate of Transpiration 

Mount a leafy branch in the potometer as fol¬ 
lows: Insert the end of the branch through the 
hole in a rubber stopper so that it fits snugly but 
is not compressed. About 2-3" of the stem should 
protrude below the stopper. Holding the cut end 
of the branch under water, cut off about I" with 
a sharp knife. Leave the stem immersed in water. 

With the stopcock of the potometer open and 


a finger over the hole near the end of the capil¬ 
lary, fill the potometer with water through the 
reservoir (Fig. 21-A). Close the stopcock. Hold¬ 
ing the potometer securely under the well, 
quickly move the shoot to the well, and carefully 
insert the stopper. Make certain that no air bub¬ 
bles are trapped in the well. Seal around the 
stopper and shoot with Vaseline if necessary. 

Now allow the shoot to transpire with the end 
of the capillary exposed to the air. After a bubble 





















71 


tuf. PATHWAY for water movement 

of air lias entered the capillary, immerse it in 
the beaker of water (Fig. 21-B). When the bub¬ 
ble proceeds beyond the ruler, drive it back by 

partially opening the stopcock. 

Determine the rate of transpiration—the dis¬ 
tance moved by the bubble in the capillary per 
unit of time—in the laboratory on top of your 
bench, in the laboratory in front of a fan, and in 
the path of the light from two photoHood bulbs. 
For each condition continue measuring until you 
have three successive measurements that show 
close agreement. 

After the last determination, remove all but 12 
leaves (leave the largest 12 on the plant), and de¬ 
termine the rate in front of the photofloods. Now 
carefully cover the upper surface of each leaf 
with Vaseline, and determine the rate. Finally, 
cover the lower surfaces with Vaseline and de¬ 
termine the rate. 

##################### # # ############################# 

D. The Pathway for Water 
Movement 

The preceding experiments have established that 
the water status of the plant depends upon the 
relative rates of water absorption by the roots and 
water loss by transpiration. They have also implied 
that what happens at one end will affect what 
happens at the other end of the plant. Inadequate 
water absorption by the root, for example, produces 
a water deficit throughout the plant, including the 
leaf cells, a deficit that results in decreased evapora¬ 
tion from the leaves and thus in a lower rate of 
transpiration. Excessive transpiration, on the other 
hand, may also create a water deficit, as we have 
seen. The resultant diffusion pressure deficit in all 
the cells of the plant, including the root cells, 
steepens the gradient from soil solution to root and 
thus increases water absorption. The entire system 
works as a unit, always tending to keep all the cells 
of the plant as nearly turgid as possible. 

How are the two ends of this system connected? 
In other words, what is the path of water movement 
from root to leaf? Experiment 33 should give you 
the answer to this question. 

Experiment 33. The Tissue of Transport of Water 

Select 2 closely similar leafy shoots from among 
those provided. Insert each stem through a 2-hole 


[ 1\\|> O') 



figure 22 Experimental procedure for de¬ 
termining the tissue of transport of water. 


rubber stopper that will fit a 16-oz bottle. The 

stems should reach to within 1 cm of the bottom 

of the bottles. Now remove the tissues external to 

the xylein on both shoots for a distance of 3 cm 

from the cut ends. Coat each stem with Vaseline 

as shown in Fig. 22, first wiping the shoot dry 

with a towel. Use a warm spatula to smooth on 

the Vaseline. W ith a razor blade remove a thin 

section of the tissues to be left exposed (bark or 

wood). Nearly fill two 16-oz bottles with distilled 

water, insert the stoppers with the plants, mark 

the water level, and have your experimental 

set-up checked by the instructor. Observe after 

48 hr and after 1 week, noting both the branches 

and the water level. Determine the amount of 
water used. 
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We are now in a position to consider the over-all 
water relations of a plant. Once again we can simplify 
the system for purposes of general analysis. Just as 
the living cells across the root can be treated as a 
single differentially permeable membrane, so also 
can the living cells of the leaf between the terminal 
xylem elements and the evaporating cell walls of the 
spongy mesophyll be considered as a single complex 
differentially permeable membrane. We have, then, 
a system of three phases, as diagramed in Fig. 23, 
consisting of (1) the soil solution, separated from 
the xylem by a membrane; (2) the tubular xylem 
(filled with xylem sap), which is essentially a pipe 
or set of pipes connecting the roots and the leaves; 
and (3) the atmosphere, separated from the upper 
end of the xylem by a second membrane. The flow 
of water through this system will be determined by 
the direction of the diffusion pressure gradient. 

Under good agricultural conditions, including 
particularly a moist soil, the flow of water through a 
plant is always from the soil to the atmosphere unless 
the atmosphere is fully saturated. The reason for this 
direction of movement is evident when one considers 
the diffusion pressure deficit of the atmosphere. At 
20° C, if the relative humidity of the atmosphere is 99 
percent, the deficit is 13.4 atmospheres; at 95 percent 
relative humidity it is 68.4 atmospheres; and at 80 
percent relative humidity it is almost 300 atmos¬ 
pheres. Since the diffusion pressure deficit of moist 
soil is usually less than one atmosphere, there is, 


figure 23 Schematic diagram of a plant in 
relation to the movement of water from 
the soil to the atmosphere. 
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under most conditions, a very steep gradient from the 
soil through the plant to the atmosphere. 

Let us now consider how this three-phase system 
usually works. During the night there is little water 
loss from a plant, but water absorption continues 
until all parts of the plant are fully turgid. Since leaf 
cells have an osmotic pressure between 15 and 20 
atmospheres, they would have a turgor pressure of 
equal value and no diffusion pressure deficit. Root 
pressures of 2-3 atmospheres subject the xylem sap 
to a positive pressure of about this value. All other 
cells would have a turgor pressure equal to their 
osmotic pressure and no diffusion pressure deficit. 

With daybreak, the stomata open, and transpi¬ 
ration begins. As the atmosphere and leaves are 
warmed, transpiration increases and soon exceeds the 
absorption of water by the roots. As more water now 
leaves the plant than enters, the turgor pressure of 
the leaf cells falls, and they develop a diffusion 
pressure deficit. Water moves into these cells from 
the xylem. But the supply into the xylem from the 
roots is less than the amount of water leaving by 
transpiration. What happens in the pipe-like xylem 
system? All the experimental evidence indicates that 
the water continues to fully occupy the xylem but 
that the molecules of water are spaced farther apart 
than in free water. There is, then, a negative pressure, 
or tension, in the water in the xylem. It is very 
similar to a stretched rubber band. Both systems 
have a tendency to contract. Because of the strong 
molecular attraction between the water molecules 
themselves and between the water molecules and 
the cellulose walls of the xylem, the water does not 
contract. 

As water is added to the stretched column at the 
base, or root end, all of the molecules move closer 
together, obviously in an upward direction. At the 
same time water molecules at the top pass by osmosis 
into the leaf cells. What exists, then, is a stretched 
water column moving up in response to the extremely 
large diffusion pressure deficit of the atmosphere. 
Mechanically, the water is pulled up the xylem. The 
tension in the xylem is mathematically a negative 
pressure (—TP); hence under these conditions the 
DPD of the xylem is OP — (—TP) = OP + TP. 
The increasing diffusion pressure deficit in the xylem 
slows down the passage of water to the atmosphere 
and speeds up the entrance of water into the root 
from the soil. 

If the excess of transpiration over absorption con¬ 
tinues for any length of time, the leaves gradually 
lose more and more water and become soft and 
flaccid; they are then wilted. Herbaceous plants may 
wilt entirely. It is not uncommon on hot summer days 
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to see young tomato plants growing in water cultures 
completely prostrate on the covers of the cultures. 
When such wilting occurs, the stomata close, tran¬ 
spiration is greatly reduced, and the recovery proc¬ 
esses ensue. As water enters, it is pulled up in the 
xylem, and the tension in the xylem is reduced, as is 
the diffusion pressure deficit in every cell of the 
plant. During the night, the water deficit is made up; 
the plant recovers its normal turgor and stands up¬ 
right once again. 

In summary, then, in most plants most of the time 
water is pulled up the xylem in the form of a 
stretched column. Water evaporates continuously to 
the atmosphere and is being added continuously 
from the soil solution. In moderate-sized herbaceous 
plants and shrubs, water may be pushed up by root 
pressure in the hours before daybreak and foi a shoit 
while thereafter if the absorption exceeds the loss. 
In tall trees, however, the water is under tension all 
the time. What varies during the day and night is the 
magnitude of the tension. Since the water in the 
column is stretched by virtue of its cohesion to itself 
and its adhesion to the walls of the xylem, the 
stretching pulls the walls of vessels and tracheids 
together. Thus, as might be expected, increasing 
tension during the day causes a decrease in the 
diameter of the tree, and decreasing tension during 
the night causes an increase in the diameter. These 
changes in diameter are sufficiently large to be 
measured by appropriate instruments. 
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that in the larger pores, drains away and is rep aced 
by air What is left is held in the smaller capillaries 
between the soil particles and adsorbed to the 
colloidal soil particles themselves. In these capillaries 
and adhering to the soil particles are the root hairs 
through which most of the water enters a plant. 
When the soil contains all the water it can retain 
against gravitational drainage, it is said to be at field 
capacity. The field capacity is expressed as a per¬ 
centage of the dry weight of the soil and depends on 
the type of soil. At field capacity the diffusion pres¬ 
sure deficit of the solution in contact with the roots 
is only a fraction of an atmosphere and is accounted 
for by the osmotic pressure that is due to dissolved 
soil constituents. As the plant takes up water, it 
begins to draw water from the finer capillaries and 
from around the soil particles. This water, however, 
is held in the capillaries and around the particles 
with considerable force by adsorption. The finer the 
capillaries and the closer the layers of water to the 
surface of the particles, the more strongly is the 
water held. As in the cellulose wall, a water deficit in 
capillaries or around particles can be expressed as a 
diffusion pressure deficit. Sooner or later, as a plant 
withdraws water from the soil, the deficit of the soil 
becomes equal to that of the plant, and no more 
water enters the roots. If transpiration continues, the 
plant wilts. Unlike the plants that wilt temporarily 
in water culture, these plants will not recover at 
night, for no more water is available. Such plants are 
permanently wilted and will recover only if water is 


added to the soil The amount of water 
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E. The Availability of Soil Water 
to Plants 

The rate of water absorption by roots is deter¬ 
mined by the difference in diffusion pressure deficit 
between the soil solution and the xylem sap in the 
roots. In a decapitated plant this difference is ob¬ 
served to be between I and 3 atmospheres; in an 
intact plant it is increased by the magnitude of the 
tension developed in the xylem. Most of the time the 
xylem tension does not exceed 20 atmospheres. These 
values represent the maximum turgor pressures (i.e., 
the osmotic pressures) characteristic of leaf cells. At 
a diffusion pressure deficit of 15-20 atmospheres most 
leaves lose all turgor. In the preceding discussion we 
have always assumed a moist soil. Soils, however, 
are frequently in various stages of dryness. What 
happens to plants as the soil dries out? 

Immediately after a heavy rain the soil, or at least 
the surface layer of the soil, contains more water 
than it can hold. The excess, or free, water, including 


when plants wilt permanently, expressed as a per¬ 
centage of the dry weight of the soil, is called the 
permanent wilting percentage. 

Permanent wilting, regardless of the plant used in 
the observations, occurs when the diffusion pressure 
deficit of the soil is about 16 atmospheres. As the 
water content of the soil is reduced from the field 
capacity by water absorption and evaporation by the 
plant, the diffusion pressure deficit of the soil does 
not increase substantially until the water content 
approaches the permanent wilting percentage; it then 
begins to increase more and more rapidly; when it 
reaches about 16 atmospheres, any further decrease 
in soil moisture would cause it to increase by hun¬ 
dreds of atmospheres. Consequently, any slight vari¬ 
ation in the diffusion pressure deficit of plant cells 
is negligible compared with the enormous increase in 
that of the soil beyond about 16 atmospheres. 

As has already been stated, the amount of water 
in a soil at field capacity and at the permanent 
wilting percentage depends upon the nature of the 

soil. A very sandy soil, characterized bv 

• 


coarse 
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[ Exp 34] 

particles and an absence of clay, may have a field 
capacity as low as 5 percent; a clay soil may have one 
as high as 45 percent. The permanent wilting per¬ 
centages of these soil types will be 1 and 25 percent 
respectively. The field capacity and the permanent 
wilting percentage increase, although not proportion¬ 
ately, as the soil types change from sand to those 
with increasing clay content—sandy loams, loams, 
and clays. 

The amount of water available for plant develop¬ 
ment is that present in the soil between its field 
capacity and its permanent wilting percentage. This 
amount is characteristic of the type of soil; it is least 
in sandy soils and increases with the clay content of 
the soil. When water must be provided by irrigation, 
the amount of available moisture becomes important, 
for each separate irrigation involves loss of water by 
run-off and evaporation as well as the expense of the 
irrigation itself. 

Determinations of the field capacity and of the 
permanent wilting percentage are routinely made in 
soil-testing laboratories. The procedure described in 
Experiment 34-A is related to the field capacity and 
will yield valuable information showing the relation 
between the amount of water a soil can hold against 
gravity and the type of soil. In Experiment 34-B the 
permanent wilting percentage of a soil is determined. 

The measurement made in Experiment 34-A differs 
from a measurement of field capacity in two main 
respects. First, the soil has been greatly disturbed, 
and thus its physical characteristics and water- 
holding capacity have been changed. Second, in a 
real soil the gravitational water would drain into soil 
farther down in the ground; here the drainage is to 
the atmosphere. This, too, gives a different result. 

The information gained in Experiment 34 can be 
used, if you desire, to observe another aspect of the 
behavior of water in soils. From the data in the 
experiment you can calculate how much water would 
have to be added to one of the dry soils to bring a 
two-inch column of the soil to approximate field 
capacity. If now a six-inch column were prepared 
and the calculated amount of water added at the top, 
how would the water be distributed in the soil 
column after all water movement had stopped? Such 
an experiment would show the upper two inches to 
be at field capacity and the lower four inches dry. 
The fact is that water does not move appreciably 
through soil without first wetting it to field capacity. 
Similarly, if plants have taken water out of the soil 
immediately under them, tlv is little or no move¬ 
ment of water laterally fron by moist soil. This 
behavior of soil water is the * for recommending 
to home gardeners that thev water their gardens in¬ 


frequently but thoroughly. A long watering will bring 
the upper several inches of the soil to field capacity. 
Frequent light waterings result in water only at the 
surface, much of which quickly evaporates. In the 
latter case the available water is limited and the roots 
are shallow. In the former the available moisture is 
extensive and the roots are deep. 

Experiment 34. The Water Content of Soils 

A. Water Content of Soils as a Percentage of 
Dry Weight. Examine the soil types provided— 
sand, clay, loam, and peat. Feel the texture when 
dry; then moisten (sparingly) a few grams of 
each, and note the texture. Can you make a 
“ribbon” of soil by working it between thumb and 
forefinger? 

Determine the water content of each soil by 
the following procedure: Weigh a can plus filter 
paper when dry. Place about 4 cm of soil in the 
can, and tap gently several times to settle. Allow 
the can to stand in shallow water under cover for 
about 2-5 days. Place the can on a wire screen, 
and allow it to drain for 48 hr; then weigh. Dry 
the cans of soil at 105°C for 48 hr or more. Cool 
and weigh; then calculate the grams of water per 
gram of dry soil. 

B. The Permanent Wilting Percentage of a 
Soil. Weigh an empty pound-size coffee can. 
without its lid, to the nearest 0.01 g. Then fill the 
can to within 1/2" of the top with moistened 
sandy loam. Test the lid provided to see that it 
fits snugly. The lid will have been prepared with 
a central perforation about 1/2" in diameter and 
a smaller hole near the edge. 

You will be provided with 10-day-old sunflower 
seedlings grown in the same sandy loam in flats. 
Select a sturdy seedling, and transplant it to the 
center of the prepared can of soil with the seed¬ 
ling shoot projecting through the central hole in 
the lid. Protect the stem from the sharp edge of 
the hole with a wad of nonabsorbent cotton, which 
will also prevent evaporation via the central hole. 
Add a small additional amount of water, stopper 
the smaller hole with a cork, and place the can in 
the greenhouse. Add small amounts of water 
through the second hole until the plant is well 
established and has produced four pairs of ex¬ 
panded leaves. 

At this stage of development, stop adding fur- 
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ther water. Observe the plant daily, if possible, 
for signs of wilting, until it appears that perma¬ 
nent wilting has occurred. Now transfer the can 
to a humid chamber for overnight. If the plant 
does not recover, it is considered to be perma¬ 
nently wilted. 

When this stage has been reached, remove the 
lid of the can, together with the plant, shaking 
off as much soil from the roots as possible. Weigh 
the can containing the moist soil, dry the soil in 
the can at 105°C for 48 hr, cool, and reweigh. 
Calculate the grams of water per gram of dry 
soil, and express as the permanent wilting per¬ 
centage. 


Two other aspects ot plant-water relations— 
drought resistance and cold resistance—must be 
mentioned here even though they are not subject to 
experimentation in a short period of time. Drought 
is a long-continued lack of adequate soil moisture. 
One of the reasons why freezing temperatures kill 
plants is that the formation of ice crystals in the 
intercellular spaces draws upon water from the cells. 
Under both conditions, plants become dehydrated. 

Many plants, of course, never face either situation. 
Rather, they complete their development and pro¬ 
duce seed while water is available and temperatures 
are favorable. The seeds, like other dormant struc¬ 
tures, are relatively immune to damage by low tem¬ 
perature or the absence of water. Certain plants, such 
as the succulents, avoid the situation caused by 


drought by maintaining special large reserves of 
moisture in their tissues. 

What about the plants that are faced with drought 
or cold? Some, not able to withstand these conditions, 
die. But many others do not. Of considerable interest 
is the fact that resistance to drought is closely cor¬ 
related with resistance to cold. Although the mecha¬ 
nism of resistance is not understood, the evidence 
indicates that resistance resides in the protoplasm. 
In order to resist desiccation, the protoplasm must 
have time to adapt itself to the drought or cold. If 
either occurs suddenly, the protoplasm of potentially 
resistant plants will not be resistant. The adaptation 
is called hardening. During this period, as drought or 
cold becomes more and more evident, the protoplasm 
is modified until it is incapable of being injured by 
severe and long-continued adverse conditions. That 
the status of the plant is different before and after 
hardening is simply illustrated. If a branch of a pine 
tree growing in the mountains is collected in the 
spring after development has been resumed and is 
kept at — 20°C overnight, there will be little doubt, 
after thawing the next day, that it is dead. Similar 
treatment accorded to a branch taken from the same 
tree in midwinter has no adverse effect. 

At our present state of knowledge, nothing can be 
done directly to endow plants with resistance to 
drought or cold; however, these resistances are 
genetically controlled. For farming in arid regions 
genetically drought-resistant crop plants have been 
selected. Similarly, genetically cold-resistant plants 
are used wherever prolonged cold weather must be 
faced. 


IV. CELLULAR METABOLISM 


Metabolism, broadly conceived, includes all that 
goes on in the protoplasm of cells. One important 
activity of protoplasm, already briefly discussed, is 
the manufacture, or synthesis, of new cells. Wherever 
new cells are being formed, living protoplasm is 
actively synthesizing the carbohydrates, proteins, 
fats, and many other types of complex organic sub¬ 
stances that constitute the protoplast and the cell 
wall. The raw materials for these syntheses are the 
inorganic nutrients absorbed by the roots and the 
sugars produced from carbon dioxide and water 
during photosynthesis. This synthesis of protoplasm 
and cell wall is the principal subject of the experi¬ 
ments in this section. 

The patterns of synthesis vary from one kind of 
organism to another. The general nature of metabo¬ 
lism, common to all living cells, as well as the specific 
differences in detail, is determined by the chromo¬ 
somes. Exactly how the chromosomes control specific 
chemical reactions in the cytoplasm is an aspect of 
metabolism about which little is known and which 
we, therefore, will not attempt to study by direct 
experimentation. It seems quite likely, for example, 
that the plant hormones must control plant develop¬ 
ment by modifying the course of synthesis so as to 
produce certain kinds of cells at particular places in 
the plant at the proper time; but definite knowledge 
is lacking. 

Once a cell is produced in a growing plant—a 
particular cell in physiology, in form, and in time and 
space—metabolism continues throughout its entire 
life. Most simply stated, a cell is no longer alive 
when metabolism stops. Living protoplasm is a 
chemically unstable system. The complex and deli¬ 
cate molecules of which it is made always tend to 
change chemically into simpler molecules, and the 
special organization of these molecules as nuclei, 
plastids, mitochondria, and other protoplasmic sub¬ 
units tends to become disorganized. This tendency 
toward breakdown is continuously opposed by syn¬ 
thetic metabolic reactions whereby new molecules 
are constantly synthesized and organization is main¬ 


tained. Metabolism thus performs the general func¬ 
tion of simply maintaining the system. In addition, 
many more specific activities are dependent on 
metabolism. You have learned, by an experiment, 
what happens when protoplasm is irreversibly in¬ 
jured by heat. The differentially permeable character 
of the cytoplasmic membranes depends on metabo¬ 
lism. In another experiment you observed that the 
accumulation of solutes is a function of protoplasm 
and is dependent upon energy made available by 
metabolism. The simple enlargement of cells during 
plant growth is another metabolism-dependent proc¬ 
ess. The movement of motile reproductive cells and 
of other motile cells of the algae and fungi requires 
metabolizing cells. Actually, few physiological proc¬ 
esses in plants are not a part of or directly de¬ 
pendent on metabolism. 

Clearly, the ultimate understanding of almost every 
physiological process performed by plants and 
animals can be attained only when every aspect of 
cellular metabolism is known and fully explored. To 
this end, thousands of plant physiologists, animal 
physiologists, and biochemists each year penetrate 
further into the labyrinth of metabolism. Much has 
been learned, but much more is still unexplored. 

This section on metabolism is divided into five 
parts. In part A we consider certain physical charac¬ 
teristics of protoplasm. Part B is concerned, in a 
restricted sense, with the metabolism of carbohy¬ 
drates; it considers the interrelations among the 
sugars made in photosynthesis and the storage and 
cell-wall components synthesized more or less directly 
from the photosynthate. Aerobic respiration, the 
subject of part C, is the central metabolic process, 
upon which all others depend. With it as a basis, we 
proceed to nitrogen metabolism in part D, where we 
also discuss fat metabolism. Finally, in part E, we 
study the special metabolism of the chloroplast the 
process of photosynthesis—whereby the sugars upon 
which the metabolic activities of the living cell 
depend are synthesized. 


THE NATURE OF PROTOPLASM 

A. The Nature of Protoplasm 

Protoplasm is so complex in its composition and 
physical structure that no detailed description is 
really possible. To the extent permitted by the known 
facts, however, we may attempt to picture proto¬ 
plasm in broad general terms and thus establish the 
physical setting for the metabolism that takes place 
in it. Protoplasm is, in the first place, mostly water. 
The water, however, is not equally distributed 
throughout the protoplast of a cell. Certain parts of 
the protoplast are more dense than others. The most 
evident of these denser protoplasmic areas are organ¬ 
ized cell structures—that is, the nucleus and the plas- 
tids of various kinds. Careful microscopic examination 
under high magnification reveals particulate struc¬ 
tures of the protoplasm that are much smaller than 
nuclei and plastids. Certain of these particles are 
called mitochondria; the smallest are known as micro- 
somes. 

A useful technique for separating the various parts 
of protoplasm is differential centrifugation. The cen¬ 
trifuge used in this procedure is a machine in which 
liquids, held in tubes or cups, may be whirled at 
various speeds. If a liquid containing molecules of 
various sizes, colloidal particles, and still larger par¬ 
ticles in suspension is spun in a centrifuge, the 
densest particles or molecules will move to the 
bottom of the tube most rapidly. The rest of the 
liquid, with the less dense particles, may be pipetted 
or decanted from the container and recentrifuged at 
greater speed and for the time necessary for spin¬ 
ning down the next fraction of particle density. One 
can thus separate the various cellular components. 

As an example, take a plant tissue such as potato 
tuber. Thoroughly homogenize or break up the cells 
in a blender (an instrument with rapidly whirling 
knives that cut and break the cells open). Filter the 
homogenate through cheesecloth to remove the un¬ 
broken cells and similar large fragments. Then centri¬ 
fuge. The first, low-speed centrifugation will settle 
out the larger cell-wall fragments and other so-called 
debris. These will form a precipitate at the bottom 
of the centrifuge tube, at the top of which is the 
liquid supernatant. If the supernatant is withdrawn 
and recentrifuged at a higher speed, the larger 
particles such as nuclei, plastids, and starch grains, if 
present, will be precipitated. If the supernatant is 
now spun at still higher speeds, the mitochondria 
may be separated; and finally, at very high speeds 
for long periods, the smallest particles, such as micro- 
somes, are centrifuged out of the liquid. 

You might follow the course of separation of the 
cellular components during centrifugation by the use 


of certain tests, which are described in Experi¬ 
ment 35. Initially, you may examine the filtered 
homogenate under the high magnification of the 
microscope. The larger microscopic particles in the 
protoplasm, such as mitochondria, will exhibit 
Brownian movement, which is readily visible. \ou 
may test the final apparently clear supernatant for 
colloidal particles by passing a beam of light through 
it. The resultant Tyndall effect is positive evidence of 
the presence of tiny particles of colloidal dimensions. 
You may precipitate these invisible colloidal particles 
by any one of several methods described in Experi¬ 
ment 35. Such precipitates consist mostly of proteins 
(as could be readily demonstrated by tests described 
in Experiment 51). Appropriate chemical tests would 
reveal that the final supernatant remaining from 
centrifugation of the tissue homogenate, after pre¬ 
cipitation of the proteins, is a true aqueous solution 
containing as solutes various inorganic ions and 
sugars, amino acids, and other organic substances 
of low molecular weight. 

Sometimes it is desirable to have the proteinaceous 
colloid free of the accompanying solutes; we can 
accomplish the separation by dialyzing the colloid as 
described in Experiment 35. This procedure makes 
use of principles already observed and discussed. The 
liquid is placed in a sac, the dialyzing tube, which 
is a membrane with a pore size such that solutes 
pass through but colloidal particles do not. If this 
sac is immersed in pure water, preferably running, 
the solutes diffuse out and the colloidal proteins are 
retained. 

During the centrifugation discussed above, a layer 
of fatty, or lipoidal, material usually collects at 
the surface of the supernatant. This is, of course, 
lighter than water and hence floats to the surface. 
This lipoidal material is part of the molecular struc¬ 
ture of intact protoplasm, but it may also occur in 
the form of droplets of various sizes in protoplasm. 

We have taken the protoplasm apart by the 
process of differential centrifugation. It is now neces¬ 
sary to attempt to reconstruct it in order to under¬ 
stand its structure and organization. The proteins 
that are left in the cytoplasm after all the particles 
have been removed are very large molecules, which 
can exist as long, stretched-out chains of atoms with 
many short side branches consisting of various molec- 
u!ar groups such as the carboxyl, hydroxyl, and 
sulfhydryl groups. Some of the proteins are probably 
coiled or spherical molecules. The side branches are 
chemically reactive by virtue not only of valence 
bonds but also of weaker bonds such as hydrogen 
bonds and van der Waals forces. Adjoining' protein 
molecules thus have junctions and are interconnected. 
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forming a continuous molecular framework through¬ 
out the protoplasm. Many of the chemical groups of 
protein molecules are hydrophilic and hence attract 
water molecules with greater or less force, depending 
on the nature of the group. Other groups, lipophilic, 
attract lipoidal molecules, d bus in fundamental 
structure the protoplasm is a colloid, in which water, 
the continuous phase, completely permeates and 
saturates the disperse phase, the structural protein 
meshwork. The proteins making up this fine structure 
are highly specific chemical entities characteristic of 
each kind of organism. The manner in which they 
intermesh is undoubtedly a very definite one. In 
other words, fundamental to the remarkably complex 
\ cbvity we shall observe in subsequent 
experiments is a highly organized molecular structure. 

This structure has a remarkable characteristic. The 
junctions between the protein molecules are continu¬ 
ously broken and rapidly reformed in new positions 
with no damage to the system. The cytoplasm flows, 
changes its viscosity, swells, and dehydrates. It is the 
combination of physical flexibility with continuous 
complex and organized chemical reactivity that is 
perhaps the most distinctive characteristic of proto¬ 
plasm as a physical-chemical system. 

The particulate components of protoplasm un¬ 
doubtedly have a similar basic structure, containing, 
however, less water and varying amounts of proteins, 
lipids, and other substances. It is not clear whether 
all the cellular particulates are entirely separate from 
the fine structure of the protoplasm. Certainly the 
nucleus, the plastids, and the mitochondria are 
distinct entities embedded in that structure. The 
smaller particles, such as the inicrosomes, may be 
distinct entities; on the other hand, they may be 
specific parts of the fine structure separated out by 
the preparative methods. 

In the liquid phase of the hydrophilic sol that is 
protoplasm many substances are dissolved, including 
amino acids, sugars, and inorganic ions. When the 
lipoidal content of protoplasm is high, excess lipids, 
such as fats and oils, appear suspended as droplets, 
constituting a hydrophobic colloid of oil dispersed 
in water. 

One of the most important consequences of this 
elaborate structure of protoplasm is the enormous 
surface presented by the protein meshwork. Upon 
these surfaces the chemical transformations that are 
the major activities of protoplasm take place. In 
addition to these internal colloidal surfaces there are 
the surfaces that mark the outer boundaries of the 
protoplast and of the particulate structures within 
the protoplasm. The nucleus, the plastids, the mito¬ 
chondria, and the protoplast are all bounded by 
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limiting membranes. As shown in a previous section, 
these membranes have a highly specific structure, > 
from which they derive their differential permeability! 
The proteinaceous matrix of the cytoplasm, which 
extends to the periphery of the protoplast, constitutes 
part of the limiting membrane. These surface layers, 
however, have a composition different from that of 
the bulk material inside the membrane. By their 
hydrophobic nature—that is, their tendency to repel 
water molecules—protoplasmic fats and oils tend to 
collect in interfacial films of the cytoplasm. Thus, as 
can be shown by chemical and cytological means, 
the protoplasmic membranes have a higher concen¬ 
tration of lipoidal substances than the bulk proto¬ 
plasm. Other substances, such as sugar, are very 
hydrophilic; they have, in fact, more attraction for 
water molecules than water molecules have for one 
another. Such substances are attracted into the bulk- 
phase, where they adsorb water molecules, main¬ 
taining the continuous aqueous phase of the proto¬ 
plasmic colloid. 

Thus, in very simple terms, the plasma membrane 
of the mature cell represents an interfacial film 
separating the protoplasm from the cell wall. Simi- 
larlv, limiting films separate the vacuoles, plastids, 
nucleus, and mitochondria from the rest of the cyto¬ 
plasm. Because these boundarv films differ in 
chemical composition from the bulk materials of the 
cytoplasm, such membranes possess distinctive per¬ 
meability characteristics. Different aspects of metab¬ 
olism take place in the various particulate structures 
of the cytoplasm as well as in the nonparticulate 
cytoplasm itself. The membranes which separate these 
several parts of the protoplasm determine what 
enters and what leaves. They thus play an important 
role in the partitioning of metabolism among the 
parts of the protoplasm and contribute to the organi¬ 
zation of the protoplast. 

The tendency of lipoidal materials to concentrate 
in and form part of the outer protoplasmic membrane 
explains, incidentally, why protoplasm, which is 
mostly water, does not disperse when surrounded by 
water. Naked protoplasm, such as that of a slime 
mold, when put into water is separated from the 
water by the external membrane and retains its 
integrity instead of dispersing in the water. If the 
membrane is broken or destroyed, the protoplasm 
disperses. 

Experiment 35. The Colloidal Nature of Proto¬ 
plasm 

Preparation of Plant Sap. Grate into shreds a 
quarter of a head of cabbage, grind up thor- 
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oughly in a meat-grinder or blender, squeeze the 
pulp through cheesecloth, and collect the ex- 

> pressed sap. Filter the cabbage-leaf juice, and 
make up to 40 ml with distilled water. This juice, 
representing the expressed vacuolar and proto¬ 
plasmic contents of the cells, contains many plant 
substances in solution or colloidal dispersion. 
Much of the colloidal material is derived from 
proteinaceous components of the protoplasm. The 
following experiments carried out on the cab¬ 
bage-leaf juice illustrate certain aspects of the 
colloidal behavior of protoplasm. 

A. Tyndall Effect. Pour 10 ml of the cabbage 
juice into a test tube, and in a darkened room 
pass a narrow beam of light through the liquid. 
Similarly pass the light through a crystalloidal 
solution, such as a 1% solution of glucose, and 
notice the difference. Save the cabbage juice for 
a later part of this experiment. Answer the ques¬ 
tions on the report sheet. 

B. Brownian Movement. Place a drop of the 
juice on a slide, cover with a glass cover slip, and 
examine with the high power of the microscope. 
Note the vibrating motion of the small visible 

. particles. 

f C. Precipitation of Hydrophilic Sols. Pour 5 
ml of the cabbage juice into each of 6 test tubes. 
Number the tubes from 1 to 6, and subject to the 
appropriate treatment indicated. 

1. Control. Keep at room temperature. 

2. Heat to boiling. 

3. Cool to freezing, then thaw. 

4. Add 1.5 g of sucrose to the juice, then cool to 
freezing, then thaw. 

5. Add 5 ml of 95^ ethyl alcohol. 

6. Saturate with solid ammonium sulfate 
[(NHOzSCh], shaking constantly. 

After 2 hr observe each tube for indications of 
precipitation. Enter the results of these tests on 
the report sheet. 

D. Dialysis of a Colloidal Suspension. Place 
about 10 ml of cabbage juice in a dialyzing tube. 
Add 0.5 ml of 1$ NaCl solution. Tie the sack 
closed with a linen thread, and fasten the thread 
to a glass rod. Place the glass rod across the top 
of a beaker containing distilled water, allowing 
the sack to be completely immersed (Fig. 24). 

) Immediately withdraw 5 ml of distilled water 
from the beaker, acidify with a few drops of con- 
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figure 24 Procedure for dialysis of a col¬ 
loidal suspension. 


centrated nitric acid, and add a few drops of 10'S 
silver nitrate (AgNOt). A white precipitate of 
silver chloride is produced if chloride is present. 
After 2 hr retest the dialyzing solution for the 
presence of chloride, using the silver nitrate test. 

B. Carbohydrate Metabolism 

Each living cell of a green plant receives a con¬ 
tinuous supply of sugars from the photosvnthesizing 
cells in the leaves. These sugars are moved from the 
green leaves to all parts of the plant through the 
phloem, principally in the form of sucrose and to a 
lesser extent as glucose and fructose. Physiologically 
it is immaterial which of these is the first sugar 
formed during photosynthesis, for they are readily 
converted, one into another, in the protoplasm. For 
simplicity s sake we shall describe glucose as the 
typical hexose product of photosynthesis. 

I his sugar, glucose, we shall consider as the be¬ 
ginning of all metabolism. Glucose is pictured struc¬ 
turally in #7, representing in A the straight carbon 
chain and in B the ring structure. The correct chemi¬ 
cal name for the ring structure is a- or 3-D-gluco- 
pyranose. What do the a, the p, the D, and the “py- 

ranose signify? To explain this, we must go back to 
basic organic chemistry. 

As you know, there are several different sugars 
with the empirical formula C 6 H,,0 6 . If in #7 the 
positions of the H and OH attached to carbon 2 
were reversed, the substance would be a different 
sugar, called mannose. Later on we shall see that a 
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number of other sugars are found in the cell-wall 
materials and that they differ only in the location of 
the H and OH groups attached to one or more 
carbons. 

Glucose itself, however, has more than one con¬ 
figuration. The molecule pictured in #7 has a mirror 
image of itself, the two being related as the right 
hand is to the left hand. One of these, called D-glu- 
cose, is found in nature. The other, L-glucose, is not 
found in nature and cannot replace D-glucose in 
metabolism. In our discussions “glucose” will always 
mean D-glucose. 

D-glucose in solution exists in two forms, the ring 
and the open chain, as shown in #7. Most of the 


and one oxygen atom, a structure closely related to 
that of a simple six-member ring compound, pyran, 
whence is derived its name. The ring can also form 
between carbons 1 and 4, but this compound is not 
involved in cellular metabolism. The six-member ring 
in #7-B is the pyranose ring and is the form partici¬ 
pating in cellular metabolism. Later we shall see that 
another hexose sugar, fructose, is active in the furan- 
ose form, a five-member ring with four carbon atoms 
and one oxygen forming the ring. 

The heavy bond lines in #7-B are to lend perspec¬ 
tive to the depiction of the molecule. The ring is 
flat and is represented as if projecting outward per¬ 
pendicular to the paper. The groups attached to the 
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glucose is in the cyclic (ring) form, and this is its 
structure when it occurs in chemical combination. 
When the ring is formed, however, the H and OH 
group attached to carbon 1 can have two different 
positions, as shown in #8. This apparently minor 
difference is of major biological importance. When 
a-D-glucopyranose is tied into long chains by mech¬ 
anisms to be described, the product is starch, a re¬ 
serve form of carbohydrate. When (3-D-glucopyranose 
is tied into long chains in a similar fashion, with 
carbon 1 attached to carbon 4 of the next glucose 
residue, the product is the cell-wall material cellu¬ 
lose, a very different substance in its chemical be¬ 
havior and physiological role. When the form is not 
fixed or is not pertinent in a discussion, the carbon 1 
group is as shov/n in #7-B. 

Finally, what is the significance of the pyranose 
tacked on to the name? This recognizes that the ring 
formed from the open-chain sugar can be of two 
kinds. In #7-B a bond is formed between carbons 1 
and 5, making a ring containing five carbon atoms 


carbon atoms in the ring then extend vertically up 
from the ring or vertically down. 

Two things are important in our consideration of 
the glucose molecule. First, it is a carbohydrate since 
it contains carbon, hydrogen, and oxygen in the 
proportions of C(H20). You will recall that more than 
90 percent of the dry weight of a plant consists of 
carbon, hydrogen, and oxygen. This sugar, then, pro¬ 
duced from carbon dioxide and water during photo¬ 
synthesis, and a key compound in cellular metabo¬ 
lism, may be considered the main source of the mate¬ 
rial substance of plants (and animals), exclusive of 

water. 

Second, this substance contains energy that can be 
released to do the work of the cell. The energy re¬ 
sides in the chemical bonds holding the atoms to¬ 
gether in the particular configuration of the glucose 
molecule. If glucose is completely broken down 
under strictly defined conditions into carbon dioxide 
and water, one can determine the maximum amount 
of energy releaved from the transformation. The 
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amount thus determined is called the total free 
energy and is designated by the symbol AF. This free 
energy of glucos^-that is, its capacity to do work- 
depends upon two features of the molecule. First, 
the atoms are held together; second, they are organ¬ 
ized into a particular configuration. When glucose is 
made in photosynthesis, the atoms in carbon dioxide 
and in water must be bonded together, and, further¬ 
more, the individual molecules of carbon dioxide and 
water, which have been moving randomly and inde¬ 
pendently, must be organized into one fixed specific 
structure. Both of these processes require that work 
be performed. The work, of course, is done by the 
energy of the sun, which then becomes energy in the 

sugar molecule. 

The total energy released from glucose upon its 
complete breakdown under specified conditions, the 
aF, is measured in the familiar units of calories. A 
calorie (cal) is the amount of heat energy required 
to raise the temperature of one gram of water from 
14.5°C to 15.5°C. One thousand such calories equal 
one kilocalorie (Cal). Complete oxidation of glucose 
to carbon dioxide and water releases 691,000 calories 
according to the following equation: 

C 6 H 12 0 6 + 60 2 -► 6C0 2 + 6H.O + 691,000 cal 

If glucose is burned in air so that its energy is re¬ 
leased as heat, the energy released (AH) is 673,000 
calories, considerably less than when breakdown 
occurs with the performance of maximum work. The 
aF is the significant figure in metabolism. 

Glucose tends to decompose spontaneously when it 
is in the presence of oxygen and thus in the air tends 
to be unstable. During its decomposition, the energy 
residing in the bonds of its molecule would be re¬ 
leased. Actually, glucose is fairly stable and does not 
decompose appreciably when stored in a bottle on 
the shelf. As we shall see later, protoplasm has mech¬ 
anisms that cause the decomposition to go faster and 
make the free energy of the molecule available for 
work. 

The molecules comprising protoplasm and cell 
walls all tend to decompose spontaneously. One of 
the activities of metabolism, as we have seen, is to 
counteract this spontaneous breakdown by continu¬ 
ous synthesis of such molecules. As should now be 
clear, the building of these molecules involves syn¬ 
thetic chemical reactions driven by energy that must 
be supplied by metabolism. The source of supply is 
a sugar, such as glucose, which contains plenty of 
readily available energy. Thus glucose is the source 
of carbon, hydrogen, and oxygen for the material 
substance of the plant cell and of the energy for do¬ 
ing the work of putting these atoms into all the vari- 
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ous configurations constituting the chemical sub¬ 
stances of the cell. 

The energy-supplying function of glucose has one 
further important aspect. The chemical reactions o 
metabolism do not take place under the completely 
defined ideal conditions mentioned previously. L nder 
the less than ideal conditions of a cell, not all of the 
free energy released from glucose can do work such 
as synthesizing new molecules or accumulating sol¬ 
utes. Some of the free energy is released as heat. This 
is a loss of free energy for the plant, since all that the 
heat does is to warm the atmosphere. To take the 
extreme case, if glucose is simply burned up in a 
combustion chamber, all of its free energy appears as 
heat, and no work is done. Thus, in the course of 
metabolism, because the system is not 100 percent 
efficient, a certain amount of free energy is lost as 
heat while the rest is used to do work. In the warm¬ 
blooded animals the heat lost in the course of metab¬ 
olism serves the useful purpose of maintaining the 
body temperature. Certain plants in the far north 
begin their spring growth before the snow is off 
the ground. The free energy lost as heat performs 
the desirable function of melting the snow above the 
seedling plant. 

Let us return now to the glucose molecule that 
started this discussion. Once a seedling becomes 
photosynthetic, it tends to produce more photosyn- 
thate than the plant requires for development and 
maintenance. In many plants, the excess photosyn¬ 
thetic product is stored in the form of starch. Starch, 
being an insoluble carbohydrate, is effectively re¬ 
moved from metabolism and from having osmotic 
effects. In photosvnthesizing cells, starch grains are 
formed in the chloroplasts, while in pith, cortex, and 
storage organs (potato, fruits, seeds, etc.), they are 
formed in the leucoplasts. We shall see later that 
the starch is readily transformed into sugar when 
the material and energy needs of the plant exceed the 
daily photosynthetic production of sugar. 

What is starch chemically? It consists of long 
strings of glucose molecules tied together (#9). The 
oxygen in the hydroxyl group attached to carbon 1 
of glucose molecule A becomes tied to carbon 4 of 
glucose molecule B instead of to the hydrogen atom. 
The net result of this linkage is the elimination of a 
molecule of water. 

We have discussed the free energy of the molecule 
of glucose. We can also talk about the part of the 
total free energy that is associated with a particular 
bond in the molecule. About 1,000 calories of free 
energy per mole of glucose are tied up in the union 
of the hydrogen with the oxygen in the hydroxyl 
group attached to carbon 1 of an uncombined glu- 
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cose molecule. When the oxygen of carbon 1 in 
molecule A is bonded to carbon 4 in molecule B to 
form starch, the bond energy is found to be about 
3,000 calories per mole. (All free energies are per 
mole of substance; this is to be understood hereafter.) 

The new bond formed from the union of two 
glucose molecules in a 1,4 linkage thus contains more 
energy than the previously existing bonds. This 
means that the synthetic reaction forming starch from 
glucose will not proceed spontaneously but requires 
a supply of free energy. How is this managed by the 
protoplasm? 

We have already implied that the initial source of 
all free energy in the plant is glucose. Elsewhere in 
the protoplasm other glucose molecules than those 
involved in the synthesis of starch are undergoing a 
series of chemical transformations in the process of 
respiration (which we will discuss later). During this 
sequence of chemical events, the free energy of the 
glucose molecules is transferred to a most important 
group of organic compounds, which receive the 
energy and act as the free-energy reservoirs of the 
cell. The three most important of these compounds 
are shown in #10. They are adenosinemonophos- 
phate (AMP), adenosinediphosphate (ADP), and 
adenosinetriphosphate (ATP). 

In order to understand how these compounds func¬ 
tion as energy-carriers in living systems, we must 
consider briefly their chemical structure and in par¬ 


ticular the chemical bonding between the phosphate 
groups. The adenosine portion of the molecule is 
made up of a purine, adenine, combined with a five- 
carbon sugar, ribose. To this group, which is the 
same in all three compounds, are attached phosphate 
groups in varying numbers. In AMP the phosphorus 
atom of the phosphate group is bonded (®) to an 
oxygen atom, which in turn is tied to a carbon atom 
of adenosine. In ADP the second phosphorus atom 
is bonded ((D) to an oxygen atom, which, this time, 
is bonded to another phosphorus atom. Similarly, in 
ATP, the third phosphorus atom is attached (©) by a 
-P~0-P link. The free energies of the bonds A, B, 
and C, indicated by the letters and arrows, are not 
the same. In bond A the free energy is about 3,000 
calories. Bonds B and C, however, have free energies 
of about 12,000 calories each. The important fact is 
that the free energy of the bonding of the phosphate 
radical to other atoms depends on the atomic struc¬ 
ture of the molecule. We speak of low-energy phos¬ 
phate bonds, such as bond A, and of high-energy 
phosphate bonds, such as bonds B and C. The latter 
are often represented by a wavy valence line, as in 
#10. The phosphate radicals, together with their 
bond energies, can be transferred from one substance 
to another. ADP and ATP are the storage forms of 
free energy ready to do work in the cell. These mole¬ 
cules, moving about in the protoplasm, supply free 
energy to any metabolic process that requires it. 
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Just such a process is the formation of starch from 
glucose. Let us now see how this is done. 

The protoplasm uses an effective indirection in 
joining together glucose molecules to form starch. 
First it raises the free energy of glucose as shown in 
#11. In this reaction about 10,000 calories of free 
energy, not bound up in the new compound, are lost 
as heat. This means that the reaction proceeds spon¬ 
taneously. By transfer of one high-energy phosphate 
radical, with its free energy, from ATP, the latter 


glucose in the starch. Hence no input of free energy 
is needed to make the reaction take place (#13). 

Here, in the synthesis of starch, you have seen how 
protoplasm has solved one of the major problems in 
the synthesis of the substances of cells. The direct 
linking of glucose molecules into the long chains of 
starch is impossible without the intervention of the 
high-energy phosphate system because free energy is 
required for the reaction to proceed. 

In starch synthesis, as in many synthetic reactions 
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molecule is converted to ADP. The only difficulty 
remaining is that the increased energy of the glucose 
molecule is on the wrong carbon atom. This is recti¬ 
fied by a second reaction, in which the phosphate 
radical, with its free energy, is transferred to carbon 
1 without change in free energy (#12). We may 
now proceed to synthesize starch, for the free energy 
in the bond between the phosphate radical and the 
oxygen of the glucose is the same as that between the 
oxygen and its attachment to the carbon of the next 


in the living cell, high-energy phosphate bonds, trans¬ 
ferred from the energy-carrier ATP, provide the 
external energy required for the reaction. The free- 
energy level of the reactant is thereby raised to such 
a point that further chemical reactions proceed spon¬ 
taneously. 

We can now name all the reactants in the steps for 
the synthesis of starch. The process begins with 
a-D-glucopvranose. This is transformed to a-D-gluco- 
pyranose-6-phosphate and then to a-D-glucopyran- 
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ose-l-phosphate. Finally, phosphoric acid is elimi¬ 
nated, and the glucose units (residues) are linked to¬ 
gether by oxygen joining carbons 1 and 4 of the two 
glucose residues. Starch is thus a polysaccharide 
(many sugar units joined) with an a-1,4 linkage. (As 
we shall see later, starch is actually more compli¬ 
cated than this.) 

In Experiment 36, on the synthesis of starch, you 
will use, as the organic catalyst for the reaction, the 
enzyme phosphorylase. This particular synthesis has 
a rather unusual requirement. In order for the reac¬ 
tion to proceed, a little bit of starch must be present. 
This trace of starch is called a “starter/’ Apparently 
there must be present a molecule, consisting of at 
least five or six linked glucose residues, to which the 
glucose molecule transferred from glucose-l-phos- 


(#14). The characteristic intense blue color of 
starch treated with iodine is due mostly to the 
amylose fraction; amylopectin also takes up iodine 
but stains a much less intense blue-violet color. 

The synthesis of starch from glucose-1-phosphate 
catalyzed by phosphorylase is a readily reversible 
reaction, as indicated by the negligible change in 
free energy in either direction. Wherever starch is 
stored in a plant, therefore, it constitutes a ready 
supply of glucose for cellular metabolism. In a great' 
many plants, starch is the storage form of carbohy¬ 
drate. Some plants store carbohydrate as inulin, a 
compound that consists of long chains of fructose 
residues, a hexose sugar we shall consider later. In 
certain plants, at least in the shoots, carbohydrate is 
stored, not as a polysaccharide, but as the disac- 
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phate can be attached. An individual glucose mole¬ 
cule will not serve the purpose. The enzyme phos¬ 
phorylase catalyzes the reaction linking glucose into 
coiled, continuous chains from 200 to 300 glucose 
residues in length. 

In nature, starch usually consists of two kinds of 
molecules. One form of starch consists of long, 
straight-chain molecules and is called amylose. It 
makes up 20-25 percent of most starches. The other 
kind has branches at intervals of eight or nine glu¬ 
cose residues, each branch being some 15-18 residues 
in length. The branched starch is called amylopectin. 
An enzyme called the Q enzyme catalyzes the cleav¬ 
age of amylose starch molecules into shorter chains, 
which are then used to form the branches. The 
branching involves the formation of an a-1,6 linkage 


charide sugar sucrose (cane sugar). These storage 
carbohydrates (starch, inulin, sucrose) serve certain 
specific functions. During the day sugar is often made 
in the leaves by photosynthesis faster than it is 
carried to the storage tissues. The excess sugar is 
temporarily converted to starch in starch grains 
formed in the chloroplasts. At night this starch is 
converted back to sugar by phosphorolysis (the 
reverse reaction of the synthesis) and then trans¬ 
ported out of the leaves to be stored in pith and 

cortex. 

The accumulated starch in pith and cortex is later 
made available by phosphorolysis to meet the heavy 
demands of developing fruits or, in perennials to 
supplv sugar to growing shoots when spring develop¬ 
ment begins and before the photosynthetic leaves 
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2 Cu -► C U 2 0 + H 2 0 

\)H 

Cupric hydroxide Cuprous oxide 

have expanded. Part of the sugar translocated into 
developing seeds is stored as starch. When the seeds 
germinate, the starch serves as a reservoir of sugar 
until the seedlings become photosynthetic. 

Experiment 36 involves two tests for carbohydrates. 
One is the reaction of iodine with starch, which de¬ 
velops an intense blue color. The reaction is princi¬ 
pally with amylose starch, and the atoms of iodine 
are bound inside the coils of the molecule. The sec¬ 
ond reaction, carried out with Benedict s solution, 
is specific for carbohydrates with free aldehyde or 
ketone groups such as occur in glucose and fructose. 
Such sugars can reduce cupric hydroxide to cuprous 
oxide while they themselves are oxidized ('#15). 
Glucose and other aldo- and keto-sugars are there¬ 
fore called reducing sugars. The cuprous oxide ap¬ 
pears as an insoluble yellow-to-red precipitate and is 
quite voluminous. In starch, the aldehyde group is 
blocked by the linkage between the glucose resi¬ 
dues; hence starch has no reducing properties. 


[ Exp 36 ] * 35 

Experiment 36. Enzymatic Synthesis of Starch 
by Phosphorylase 

Prepare the following solutions in small test 
tubes: 

(1) 3 ml of 0.2% glucose. 

(2) 3 ml of 0.25% glucose-1-phosphate. 

(3) 3 ml of 0.2% glucose plus 1 ml of 0.21 M po¬ 
tassium dihydrogen phosphate (KH 2 PO 4 ). 

(4) 3 ml of 0.2% soluble starch plus 1 ml of 

0.21M KH 2 PO 4 . 

Prepare a crude extract of the enzyme phos¬ 
phorylase as follows (Fig. 25): Peel a small po¬ 
tato, cut into small pieces into 25 ml of 0.01N 
neutralized potassium cyanide (KCN) in a 
beaker, and grind to a pulp in a food-grinder. 
Place the potato pulp on a double piece of cheese¬ 
cloth, and squeeze the juice into a beaker. Filter 
the juice through a Buchner funnel, and use im¬ 
mediately. 

Add 3 ml of potato juice to each tube, cork, 
and mix thoroughly. At about 3 min intervals, 
remove a drop of solution from each tube, and 
test for starch on a spot plate with a drop of 


figure 25 Apparatus and procedure for extraction of the enzyme phosphorylase. 
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iodine-potassium-iodide (I 2 KI) solution. Record 
the result of each test. After about 20 min, dis¬ 
continue testing. 

Test solution 4 for reducing sugar, using Bene¬ 
dict s solution. Use a sample of the free-glucose 
solution as a control in Benedict’s test. 

Benedict's test: To 2 ml of solution in a test 
tube add 5 ml of Benedict’s solution, mix thor¬ 
oughly by shaking, and place the tube in boiling 
water for 5 min. A heavy orange precipitate of 
cuprous oxide forms in proportion to the amount 
of reducing sugar present. Benedict’s is a citrate- 
carbonate solution containing copper sulfate. 

As we have seen, energy must be available to the 
system if the synthesis of starch from free glucose is 
to proceed. However, the fact that enough free 
energy is available does not mean that the reaction 
will take place fast enough to serve cellular metab¬ 
olism. Actually, if the chemical reactants were simply 
brought together in a test tube, none of the stepwise 
reactions in starch synthesis would proceed at an 
appreciable rate. Yet, inside a cell, starch synthesis 
from free glucose is very rapid. 

The reason for the rapid rate of chemical reactions 
in protoplasm is the presence of organic catalysts 
called enzymes. The enzymes do one simple but im¬ 
portant thing: they greatly increase the rate of a 
chemical reaction. They do not do anything else. 
They do not start a reaction or change its nature or 
change its equilibrium constant; they only make a 
reaction that is already proceeding, even if immeasur¬ 
ably slowly, go much faster. 

All enzymes are proteins and hence are affected by 
external conditions, as are other proteins, such as 
those studied in Experiment 51. A very small amount 
of an enzyme is sufficient to catalyze the transforma¬ 
tion of a very large amount of a particular substance 
or substrate. The effect of various environmental fac¬ 
tors on the activity of enzymes will be observed in 
several experiments concerned with various steps in 
metabolism (Experiments 37, 44, 46, and 52). 

Each enzyme can catalyze—that is, speed up— 
only one specific chemical reaction or, in some cases, 
one specific type of reaction. The basis of this speci¬ 
ficity lies in the detailed molecular structure of the 
protein that makes up the enzyme. Although the en¬ 
zyme never ends up as part of the products of a reac¬ 
tion and is never used up or destroyed while catalyz¬ 
ing the reaction, it does enter into temporary union 
with the substrate. To be effective, the molecular con- 
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figuration of the substrate must fit, as a key fits a 
lock, the molecular configuration of the enzyme. 

We cannot here enter into a detailed discussion of 
how enzymes function in increasing the velocity of 
chemical reactions. Your text or any biochemical text 
has an extended treatment. It is necessary, however, 
for us to consider certain aspects of enzyme action 
if we are not to lose our way in this study of cellular 
metabolism. The enzyme forms a union with the sub¬ 
strate—for example, glucose. Glucose is then ren¬ 
dered reactive, or has been activated, by the enzyme. 
This is the fundamental feature of enzymatic catal¬ 
ysis. In many enzymatic reactions the enzyme alone 
is unable to activate the substrate. Additional sub¬ 
stances, called activators, are needed. For many en¬ 
zymes these activators are inorganic ions such as K + , 
Ca++, Mg++, C1-, Mn++, Zn++, and Co++. The 
role of activator in enzymatic reactions is un¬ 
doubtedly an important function of the micronutrient 
elements in the physiology of plants. Such a function 
is compatible with the small amounts of micronu¬ 
trients required by plants. Furthermore, the same 
ions, if present in excess, inhibit the enzymes, as will 
be seen in later experiments, a fact directly related 
to the toxicity of micronutrients observed earlier. 

Even though the substrate is activated by the 
enzyme, the reaction still need not proceed. Addi¬ 
tional substances, which participate in the reaction, 
are often required. In the formation of glucose-e- 
phosphate from glucose, for example, ATP is re¬ 
quired to donate both the energy and the phosphate 
group. In some reactions, hydrogen atoms are re¬ 
moved from the substrate. The reaction will not pro¬ 
ceed unless some substance is present to accept the 
hydrogen atoms. These additional components that 
participate in an enzymatic reaction are known as 
coenzymes. One can often extract from tissues the 
enzyme and the coenzyme separately. When both 
together are put into a test tube with a substrate and 
any required activators, the reaction takes place. 
Certain coenzymes, in fact, such as those accepting 
hydrogen atoms, function in conjunction with a great 
many different enzymes. Each such enzyme activates 
a different substrate, but all catalyze the transfer of 
hydrogen to the same coenzyme. 

In other enzymatic reactions, the coenzyme is 
firmly bound to the protein enzyme and cannot be 
separated from it without destroying its enzymatic 
properties. Certain enzymes, for example, have iron 
as the coenzyme, firmly bound to a part of the pro¬ 
tein enzyme. Such undetachable coenzymes are often 
called prosthetic groups. They are, in function, coen¬ 
zymes, for they participate in the chemical reaction 
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itself and not in the activation of the substrate mole¬ 


cule. ,, • i • 

In our studs’ of metabolism we will not consider m 

anv great detail the properties of the various enzymes 

entering into metabolism. There are a great number 

of them. You must not forget, however, that almost 

every chemical reaction we discuss is accelerated by 

a particular enzyme, which may require activators 

and often requires coenzymes or involves prosthetic 


groups. 

It is useful, however, to consider the mam types of 
known enzymes; they are classified below according 
to the type of reaction that they catalyze. Mans en¬ 
zymes of each type have been extracted from plant 
and animal tissues, highly purified, and then tested 


for activity with appropriate activators, coenzymes, 
and substrates in test tubes. The five main types are 
hydrolytic enzymes, adding enzymes, transferring 
enzymes, isomerizing enzymes, and oxidizing en¬ 


zymes. 

Hydrolytic enzymes catalyze reactions in which the 
splitting of a substrate is accompanied by the inser¬ 
tion of a water molecule. In Experiment 37 the en¬ 
zyme amylase will be observed to split glucose from 
starch with the use of one molecule of water for each 
molecule of glucose formed. Later on we shall see 
that there are hydrolytic enzymes for splitting pro¬ 
teins and fats into simpler units and for splitting vari¬ 
ous other molecules. 

Adding enzymes do what the name implies; they 
simply add something to a molecule. There are en- 

zunes that catalvze the addition of water to a sub- 

« * 

strate, others the addition of carbon dioxide, am¬ 
monia, and still more complicated substances. 

Two of the steps in the synthesis of starch from 
glucose, considered in Experiment 36, depend on 
transferring enzymes. First, the enzyme hexokinase 
catalyzes the transfer of the high-energy phosphate 
group from ATP to carbon 6 of the glucose molecule. 
Here Mg ++ is a required activator. Second, the en¬ 
zyme phosphorylase transfers the glucose residue in 
glucose-l-phosphate to the end of the starch mole¬ 
cule. Transferring enzymes, then, transfer chemical 
groups from one molecule to another. 

The third step in starch synthesis involves an isom¬ 
erization—that is, a shift within the molecule. 
Phosphoglucomutase, an isomerase, catalyzes the in¬ 
terconversion of glucose-6-phosphate to glucose-l- 
phosphate. 

The last group of enzymes, the oxidizing enzymes, 
are those that catalyze biological oxidations. Many 
of these enzymes catalyze the oxidation of a sub¬ 
strate by the removal of hydrogen, others by the 
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addition of oxygon. Several oxidizing enzymes will 
be discussed in part C, on aerobic respiration. 

Hundreds of enzymes have been extracted from 
protoplasm. They must all be present in a cell if it is 
to metabolize. There are few molecules of any one 
enzyme in a cell, but the total amount of enzyme is so 
large as to account almost fully for all the protein in 
a cell. This means that the proteins making up the 
fine structure of the cytoplasm, and the proteins mak¬ 
ing up the greater part of the microsomes, the mito¬ 
chondria, the plastids, and the nuclei, must be en- 
zymes. 

We earlier observed that although protoplasm is 
fluid, the arrangement of the proteins and lipids is 
highly specific and organized. Since the proteins are, 
to a large extent, the enzymes of the cell, the loca¬ 
tion of a particular enzyme in the protoplast is defi¬ 
nite in relation to other enzymes. Recent studies con¬ 
firm this view of structural organization in the proto¬ 
plasm. The mitochondria, for example, are now 
known to contain the enzymes concerned with one 
phase of aerobic respiration, the Krebs cycle, which 
we shall study latef. Undoubtedly, certain enzymes 
involved in photosynthesis are restricted to the 
chloroplasts, whereas others, catalyzing the reproduc¬ 
tion of chromosomes, are in the nuclei. 

When one first learns that some particular cellular 
constituent is synthesized by a series of reactions, as 
starch is from glucose, one cannot help wondering 
how the substrate follows the straight and narrow 
path from one enzyme to the next until it gets to the 

end of the series. We know now that the enzvmes 

* 

themselves are arranged in groups or sequences, 
which thus provide orderly surfaces for orderly se¬ 
quences of reactions. 

Reversal of the reaction studied in Experiment 36 
converts starch into glucose-l-phosphate by phos- 
phorolysis. This product, as we shall see later, is isom- 
erized into glucose-6-phosphate, which then enters 
into the main stream of metabolism in the process 
of respiration. Plants contain other enzymes for the 
digestion of starch, hydrolytic enzymes that trans¬ 
form starch to glucose. These enzymes as a group are 
known as amylase. The amylase extract to be pre¬ 
pared in Experiment 37 contains several enzymes. 
One, ,3-amylase, catalyzes the splitting off from the 
long starch chain of a unit containing two glucose 
residues, which is the disaccharide maltose. It cata¬ 
lyzes the complete cleavage of amylose to maltose, 
with the uptake of water. Only the free branches of 
amylopectin are cleaved up to, but not including, the 
a-1,6 branch linkage. Another enzyme hydrolytically 
cleaves the 3-1,6 linkage. Still another, a-amylasc. 
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[ Exp 37] 

works differently from 3-amylase. It cleaves the starch 
molecule into short lengths of 6-12 glucose residues 
called dextrins. These can then be hydrolyzed to mal¬ 
tose by 3-amylase. Finally, the crude preparation of 
Experiment 37 contains maltase, which hydrolyzes 
maltose to two molecules of D-glucose (#16). The 
crude amylase containing all these different enzymes 
converts starch quantitatively to glucose. Advantage 
of this over-all reaction is taken in Experiment 37, in 
which you will study the effect of enzyme concentra¬ 
tion on the rate of reaction. 

The hydrolytic cleavage of starch to glucose is 
wasteful of energy compared with the phosphorolytic 
cleavage to glucose-l-phosphate. In the latter, there 
is still conserved in the hexose phosphate the 3,000 
calories of free energy present in the union of glucose 


determine the period during which the experi¬ 
ment should be run, make a preliminary test. 
Mix together at zero time 5 ml of the extract 
and 5 ml of 0.4% soluble starch solution. Every 
30 sec remove 3 drops, and test with a drop of 
I 2 KI solution on a spot plate. Note the time 
of first appearance of a reddish color (x min), 
which should be between 2 and 4 min. Exactly 
half of this length of time (x/2 min) is used as 
the time period in the experiment. Pipette 10 
ml amounts of the enzyme solution at 100%, 75%, 
50%, and 25% concentrations into clean 50 ml 
beakers. Run each concentration separately with 
accurate timing. At zero time, add exactly 10 ml 
of 0.4% soluble starch solution to the beaker of 
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with glucose in starch. In free glucose formed from 
starch by hydrolysis, the phosphate is replaced by 
hydrogen with a bond free energy of only 1,000 
calories. During the hydrolysis of starch free energy 
is lost as heat. 

Amylase is widely distributed in plant tissues but 
is found most abundantly in seeds. It appears to have 
the function of making large amounts of glucose 
quickly available to meet a major need such as seed 
germination. 

The initial step in brewing beer consists in holding 
barley or other grain under conditions conducive to 
the rapid hydrolytic cleavage of starch to maltose. 
Later on we shall see how yeast cells convert this 
maltose to the desired product, ethyl alcohol. 

Experiment 37. The Effect of Enzyme Concentra¬ 
tion on the Reaction Rate of Amylase 

Grind with a little quartz sand about fifteen 
5-day-old barley seedlings in 50 ml of distilled 
water. Pour off the liquid, and centrifuge the 
arnvlase extract for 5 min at 500 X g. In order to 


enzyme solution, and mix by swirling. Near the 
end of the time period, draw 5 ml of the mixture 
into a clean pipette. At exactly x/2 min, deliver 
the mixture into a 100 ml volumetric flask con¬ 
taining 5 ml of I 2 KI solution, which immediately 
stops the reaction. Add distilled water to bring 
the volume to 100 ml. Pour the solution into a 
clean, dry flask, and set aside. Clean the volu¬ 
metric flask, and repeat the procedure with each 
enzyme concentration. 

After all enzyme dilutions have been run, pre¬ 
pare a zero enzyme concentration flask as follows. 
Add 10 ml of 0.4% soluble starch solution to 10 
ml of distilled water, mix thoroughly, withdraw 
5 ml of this solution, deliver it into 5 ml of I 2 KI 
solution in the volumetric flask, and then make 

up to 100 ml with distilled water. 

Finally, place 5 ml of I 2 KI solution in the 
volumetric flask, and bring up to 100 ml. Use this 
solution to zero the colorimeter. Then determine 
the light absorption due to the starch-iodine color 
complex in each of the five solutions previously 
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completed. Designate the absorption of the zero 
enzyme concentration 100, and plot the absorp¬ 
tion as a percentage of the control. 



For cellular metabolism, as we have seen, it is not 
important which sugar is the first to be produced in 
photosynthesis, for the three sugars found in plant 
tissues in substantial amounts are interconverted in 
the protoplasm. We have seen also that glucose is 
transformed into starch and back again. In certain 
carefully performed experiments it has been demon¬ 
strated that all of the carbon dioxide used in photo¬ 
synthesis by a sunflower leaf over a certain short 
period of time can be accounted for as glucose. 


h 2 -c-°h 

c=o 

HO-C-H 
H-C-OH 
H-*C —OH 

H 2 -C -OH 


D-fructose 


Fructose, like glucose, can be phosphorylated by 
die agency of ATP and catalyzed by the enzyme 
hexokinase to give fructose-6-phosphate. Again about 
10,000 calories of free energy are lost as heat. 

Glucose-6-phosphate and fructose-6-phosphate are 
catalytically interconverted by an isomerizing enzyme 
known as phosphohexoisomerase. 

phosphohcxoisomrrasc 

fructose-6-phosphate — -- glucose-6-phosphate 

Thus, beginning with either glucose or fructose and 
having available a supply of ATP, one finds in a cell 
glucose-6-phosphate and fructose-6-phosphate. Fur¬ 
thermore, since glucose-6-phosphate can be isomer- 
ized to glucose-1-phosphate, from which starch is 
made, we see that either free hexose sugar is a sat- 
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fructose, sucrose, and starch. What are the chemical 
relations among these four carbohydrates, and how 
are they transformed one into another? 

Fructose is a six-carbon sugar, or hexose, like glu¬ 
cose, except that it is a ketone instead of an aldehyde 
sugar. Like glucose, fructose forms ring structures, 
the five-member furanose ring or the six-member 
pyranose ring (#17). The free sugar in solution is 
mostly in the pyranose form. However, whenever 
fructose is in combination, as in inulin or in sucrose, 
it combines in the furanose form. Again, as we have 
seen in glucose, when the ring is formed, carbon 2 
becomes asymmetric, and there are a and £ forms of 
the sugar, depending on whether the hydroxyl group 
attached to carbon 2 is above or below the ring. We 
need only be concerned with the furanose form (5- 
member ring) of fructose, which is selectively used 
from the equilibrium mixture. 


OC-D-fructopyranose 

isfactory place to begin the study of carbohydrate 
metabolism. 

We should note, too, that cells contain enzymes, 
called phosphatases, that catalyze the splitting off 
of the phosphate group from these hexose phosphates 
to give the free sugars glucose and fructose (# 18). 
Of course, the 3,000 calories of free energy in the 
phosphate ester bond are reduced to the 1,000 cal¬ 
ories in the hydroxyl bond, with a loss of 2,000 cal¬ 
ories as heat. The reaction is not reversible since to 
reverse it requires a fresh input of energy. 

The disaccharide sucrose is the other important 
soluble sugar found in quantity in most photosynthe- 
sizing plants. Sucrose is composed of a molecule of 
glucose in the pyranose ring form attached via 
carbon 1 to carbon 2 of a fructose molecule in the 
furanose form. Thus sucrose is a-D-glucopyranose- 

(S-D-fructofuranoside (#19). Although certain bac- 
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teria have an enzyme that catalyzes the transfer of 
glucose from its bonding with phosphate in glucose- 
1-phosphate to a bonding with free fructose to form 
sucrose, no such enzyme has been found in higher 
plants. During the past year, however, two enzymes 
that do catalyze the synthesis of sucrose have been 
isolated from a number of different higher-plant tis¬ 
sues. Both syntheses involve a series of substances, 
analogous to AMP, ADP, and ATP (#10, p. 82), 
in which the adenine of AMP is replaced by uracil 
(#53, p. 128). Just as the adenine plus ribose con¬ 
stitutes adenosine in AMP, uracil plus ribose forms 
uridine. The uridine becomes uridinemonophosphate 
(UMP), uridinediphosphate (UDP), and uridinetri- 
phosphate (UTP), according as there are one, two, 
or three phosphate groups. In further analogy, the 
last two phosphate groups are high-energy phosphate 
groups. The synthesis of sucrose begins first with the 
formation of uridinediphosphate glucose: 

UTP -f glucose-l-phosphate UDPG + pyrophos¬ 
phate (HoPOa-O-O-PIT.) 

Sucrose is then synthesized by one enzyme in the fol¬ 
lowing reaction: 

UDPG + fructose sucrose + UDP 

The other enzyme catalyzes the formation of sucrose 
phosphate with the phosphate attached to carbon 6 
of the fructose portion of sucrose: 

UDPG -I- fructose-6-phosphate -*-*• sucrose 

phosphate + UDP 


This is followed by the hydrolysis of the phosphate 
group: 

sucrose phosphate + H 2 0 —sucrose + H 3 P0 4 

One hardly needs to point out the economic signif¬ 
icance of sucrose. It is the principal carbohydrate of 
low molecular weight that is used in the nutrition of 
animals. World production is now about 35 million 
tons per year, one-third of this being produced from 
sugar beets and two-thirds from sugar cane. In these 
two plants (and in others) excess photosynthate is 
stored, not as starch (or inulin) in the shoot of the 
plant, but as sucrose. Storage in the form of starch 
does occur, however, in the roots of many plants that 

form no starch in the shoot svstem. 

* 

Finally, inulin, as we have seen, replaces starch as 
the storage carbohydrate in some plants—the roots 
of Dahlia, dandelion, and related plants. Inulin mole¬ 
cules consist of about twenty-eight D-fructofuranose 
units linked together by 1,2 linkages. 

The carbohvdrates we have discussed thus far are 
what we may call the metabolic carbohydrates. They 
are the immediately available sources of carbon, 
hydrogen, oxygen, and free energy for the cell’s 
synthesis of new protoplasm and cell walls. They do 
not, as such, in the form of free glucose, fructose, 
sucrose, or starch (the most widespread of those dis¬ 
cussed), form the structural framework of the cell. 

Experiment 38 is a simple way of observing a 
number of the relationships just discussed. Part A 
illustrates the temporary storage of photosynthate as 
starch and also the fact that not all leaves use starch 
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as the storage form of carbohydrate. Part B permits 
you to test the validity of the statement that plant 
cells contain enzymes catalyzing the interconversion 
of glucose, fructose, sucrose, and starch. Part C illus¬ 
trates the translocation of carbohydrate out of the 
leaf after photosynthesis has stopped. 

Experiment 38. Sugar-Starch Interconversions in 
Leaves 

A. Starch Storage in Leaves. Obtain, from 
plants that have been in bright light for several 
hours, 1 leaf of variegated geranium and 1 of iris. 
Immerse the leaves in 95 r «? ethyl alcohol on the 
steam bath for 20 min. Then wash them in hot 
water, and immerse them in I_*KI solution in a 
Petri dish for a few minutes. Rinse off the iodine 
solution with water, and spread out. A dark 
purple coloration indicates the presence of starch 
in the leaf. 

B. Interconversion of Sugars. Put into 50 ml 
beakers or half-pint jars 25 ml each of the follow¬ 
ing: 0.5M solutions of sucrose, glucose, and fruc¬ 
tose, and distilled water. Pick 9 etiolated corn 
leaves, and place the basal ends of 2 of them in 
each of the solutions (Fig. 26). Mark (by holes 
or small cuts) each pair in such a way that they 
can be identified. Keeping the basal ends in the 
solutions, cut off about 1 cm of the base of each. 


figure 26 Procedure for demonstrating the 
interconversion of sugars in corn leaves. 



[ Exp 38] 

Place the beakers on the shelf In the locker. Test 
the odd leaf for starch as in part A above. After 
48 hr, test the leaves in the solutions for starch. 

C. Translocation of Carbohydrates. Plant 5 
soaked bean seeds in a 6" pot filled with sand. 
Water thoroughly, and place in the greenhouse. 
After the plants have developed, remove all but 
the 2 healthiest, and allow these to grow for 
about 4 weeks, or until the first pair of trifoliate 
leaves have expanded. Immediately before re¬ 
moving the plants to the laboratory, give them 
continuous bright light for several hours. 

In the laboratory test 1 of the primary leaves 
for starch according to the directions given in 
part A above. If the test is strongly positive, 
proceed with the experiment as follows. 

To prevent interference with xylem conduc¬ 
tion, support the petiole of each of the trifoliate 
leaves by taping an applicator stick under its 
length, securing the ends of the stick to the ends 
of the petiole with drafting tape. Kill a 1/2" 
segment in the middle of 1 petiole of each plant 
with a fine jet of steam projected through a 
glass tube drawn to a fine point. Take care to 
avoid injury to the stem or leaves. 

After steaming 1 petiole of each plant, place 
both plants in complete darkness at 25°C. Two 
days later remove one leaflet from each of the 
treated and untreated trifoliate leaves, marking 
the leaflets from the untreated leaves with a 
small tear so that they may be identified later. 
Test these leaves for starch, using the LKI test 
performed earlier. Repeat the test for starch on 
another set of leaflets on the seventh day after 
steaming. In your report, compare the amounts 
of starch present in the treated and untreated 
leaves. 


Earlier we saw that starch can be hydrolytically 
digested to glucose by amylase. An analogous situa¬ 
tion exists with respect to sucrose. Widely distributed 
in plant tissues is an enzyme, invertase, which hydro¬ 
lytically cleaves sucrose to glucose and fructose: 

invertase 

sucrose + HOH-» D-glucose + D-fructose 

For the reason already indicated in the case of amyl¬ 
ase, this reaction is irreversible, and hence invertase 
cannot catalyze the synthesis of sucrose. A source of 
energy must be provided before sucrose can be syn¬ 
thesized from its component hexose sugars. 
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[ Exp 39 ] 

The eoz)Tne invertase is readily extracted and kept 
kia bottle on the shelf. It may be used in the quanti¬ 
tative determination of sugars in plant tissues in the 
following manner. The water-soluble carbohydrates 
can be extracted from plant tissues with water. Those 
extracted from most plants consist almost entirely of 
glucose, fructose, and sucrose since no other mono- 
or disaccharides occur in significant quantities in 
plant tissues and the phosphorylated sugars do not 
build up to any significant concentrations. Very often 
one wishes to know the amounts of the two hexoses 
compared with that of the sucrose. 

One method depends on first determining the 
amount of reducing sugar (glucose plus fructose) in 
the extract by using Benedicts solution and measur¬ 
ing the cuprous oxide formed. Since both aldehyde 
and ketone groups of glucose and fructose are 
blocked by their use in the linkage forming sucrose, 
sucrose is a nonreducing sugar. A second portion of 
the extract is incubated with invertase, which hy¬ 
drolyzes the sucrose into glucose and fructose. Once 
again the reducing power of the solution is deter- 
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mined. The difference between the two determina¬ 
tions is a measure of the sucrose present. 

The hydrolyzing action of invertase is studied in 
Experiment 39. The presence of fructose in the hy¬ 
drolysate is demonstrated by a color test. The differ¬ 
ent types of sugars, aldo-hexoses, keto-hexoses, and 
pentoses (five-carbon sugars), when heated with 
concentrated hydrochloric acid, are converted to fur¬ 
fural or derivatives of furfural, depending on the 
kind of sugar. The furfural compounds then form 
colored complexes of uncertain composition with 
polyhydric phenol derivatives. 

In the test used in Experiment 39, the fructose, 
under the action of hydrochloric acid, forms 5-(hy- 
droxymethyl)furfural, which then reacts with resor¬ 
cinol (#20) to form the red-colored complex (Seli- 
wanoff test). 


Experiment 39. The Hydrolytic Enzyme In¬ 
vertase 

Shake half a cake (or packet) of yeast into 40 
ml of distilled 11,0. allow it to stand for about 


20 min, and then centrifuge for 5 min at 500 X g 
to give a crude invertase solution. Pour 10 ml of 
the extract into each of 2 large test tubes. Keep 
one at room temperature. Heat the other to 
boiling, and then cool. 

Add 25 ml of 2% sucrose solution to each, and 
allow to incubate at 30°C for 1 hr. 

Test for reducing sugars a 2 ml sample of each 
of the 2 solutions, as well as the stock solution of 
sucrose and the crude enzyme extract with 
Benedicts solution (see Exp 36, p. 85). Note 
the amount of cuprous oxide precipitate formed 
in each tube. 

Test 1 ml of each solution for fructose by 
warming with a pinch of resorcinol plus 6 drops 
of 25% HC1, after first testing 1 ml of 0.5M 
fructose solution. A red color indicates the pres¬ 
ence of fructose. This is the Seliwanoff test for 
ketoses. Acid hydrolysis of the sucrose by the 
test reagent should be avoided; it may be 
guarded against by running the test on a control 
tube containing the sucrose solution alone. 


In addition to the metabolic carbohvdrates so far 
examined, plants possess many carbohydrates that 
are structural constituents of the cell and are, for the 
most part, permanently divorced from metabolism. 
These include certain simple sugars not previously 
mentioned, which occur bound as components in 
part of the metabolic machinery, and a number of 
polysaccharides about whose synthesis we know very 
little and whose constituent sugars, in many cases, do 
not occur as such in detectable amounts in plant 
tissues. 

In the protoplasm, certain sugars are part of the 
structure of a number of very active and important 
compounds. One group of these compounds we have 
already considered, AMP, ADP, and ATP, shown on 
page 82 in #10. These coenzymes have a five-car¬ 
bon, or pentose, sugar, D-ribose (#21), as part of 
their structure. We shall see later that two other 
coenzymes, diphosphopyridine nucleotide (DPN) 
and triphosphopyridine nucleotide (TPN), which are 
important in dehydrogenation reactions of respira¬ 
tion, also contain the pentose sugar ribose. 

D-ribose and its close relative, 2 -deoxy-D-ribose, 
are constituent parts of the nucleic acids. As we shall 
see later, nucleic acids are very large .molecules, 
which, conjugated (tied) to some of the protoplasmic 
proteins, form what are called the nucleoproteins. 
The nucleoproteins not only occur in the cytoplasm 
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The Principal Free and Combined Monosaccharides in Plants 
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but constitute a major part of the chromosomal mate¬ 
rial in the nucleus as well. They make up much of the 
substance of viruses. The nucleic acids are built up 
of nitrogenous units called purines and pyrimidines 
and of D-ribose or 2-deoxy-D-ribose. Ribose appears 


to occur mostly in the cytoplasmic nucleic acids— 
hence their name, ribonucleic acids (RNA); deoxv- 
nbose occurs in the nuclear nucleic acids, which are 
called deoxyribonucleic acids (DNA). 

Another interesting group of substances found in 
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the protoplast also contain a sugar as a component 
part of the molecule. They are the water-soluble 
pigments, the anthocyanins, which usually are ex¬ 
creted into the vacuole. These pigments cause the red 

and blue colors and certain of the yellow colors of 

* 

plants, particularly in the flowers. The molecules can 
be hydrolyzed into two parts, a nonsugar part called 
an aglycon and a sugar portion that is usually D-glu- 
cose but is sometimes another aldo-hexose called 
D-galactose (#21). Such molecules, consisting of a 
sugar and a nonsugar portion separable by the hy¬ 
drolysis of a glycosidic bond, are known as glyco¬ 
sides. Other glycosides than the anthocyanin pig¬ 
ments occur in plants but are of too little immediate 
significance to be considered here. 

Most of the dry matter of a plant, particularly of 
the wood in trees and of straw, consists of cell walls. 
Cell walls, in turn, consist mostly of polysaccharides 
and closely related derivatives of polysaccharides, 
but some, particularly secondary cell walls, contain 
also the noncarbohydrate lignin. In other cells, such 


or cellulose. Also of wide occurrence in cell walls is 
the polysaccharide galactan, which has a chain 
length of about 120 ^-galactose units tied together 
with 1,4 linkages similar to those of cellulose. 

Two pentose sugars, xylose and arabinose (#21), 
present as polysaccharide chains, also commonly oc¬ 
cur in cell walls. These polysaccharides are referred 
to as a group as pentosans and individually as xylan 
and araban. The pentosans, mostly xylan and araban, 
and the hexosans, mostly mannan and galactan, are 
often grouped together as the noncellulosic polysac¬ 
charides in discussions of the chemical composition 
of the cell-wall material of wood, straw, and other 
plant components. 

Particularly in the primary wall there occurs a 
substance called protopectin, which is insoluble in 
water. It consists of long chains of galacturonic acid, 
in which the acid groups are esterified with methyl 
alcohol (#23). Shorter chains of the methylated 
galacturonic acid are dissolved in plant juices, par¬ 
ticularly those of certain fruits. This soluble material 
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as epidermal cells, the waxes, including cutin and 
suberin, and, in the grasses, even silica form a part of 
the cell wall. The general nature of cell walls can be 
more understandably discussed if we first learn what 
substances are found in cell walls. The component 
sugar residues not already pictured are shown in 
# 21 . 

The basic framework of all plant cell walls is 
cellulose (#22). This substance occurs in almost 
pure form as the seed hairs of cotton and in the bast 
fibers of ramie. The molecule of cellulose consists 
of unbranched chains of (3-D-glucose, the length of 
the chains varying from 1,400 to 10,000 glucose resi¬ 
dues. Unlike amylose, the chain is not spiral but is 
extended. The individual chains are periodically tied 
closely together in a crystalline structure about 120 
glucose units long. 

In some cell walls, particularly of grasses and of 
the ivory nut, there is mannan, a polysaccharide con¬ 
sisting of mannose units (#21) in unbranched chains 
some seventy-five units long. The sugar residues ap¬ 
pear to be tied together by 1,4 linkages as in starch 


is called pectin. Finally, the middle lamella is com¬ 
posed of the calcium and magnesium salts of pectic 
acid. Pectic acid itself consists of chains of unmethyl¬ 
ated galacturonic acid residues (#24). The acid is 
water-soluble, but the calcium and magnesium salts 
are insoluble and serve to cement the walls of adjoin¬ 
ing cells together. 

Cell walls, principally the thick secondary walls, 
contain hemicelluloses. These are polysaccharide de¬ 
rivatives containing, usually, the pentose xylose and 
glucuronic acid, with xylose greatly predominating. 

In many leaves there occurs a different hemicellulose, 
in which the pentose is arabinose and the acid is 
galacturonic acid. See #21 for structural formulas of 
the sugar residues in these polysaccharides. 

As cells mature and develop secondary walls, these 
walls contain more and more of the nonpolysac¬ 
charide called lignin. The lignin occurs in the inter¬ 
stices between the fibers and strands of cellulose and 
the other polysaccharide wall materials. One can 
remove it without destroying the cell wall, which | 
then will have interconnecting spaces where the hg- 
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nin had been. The chemistry of lignin is not well 
worked out, but indications are that it consists of 
long chains of isoeugenol units (#25). Just how 
these are tied together is not known. 

To summarize, plant cell walls may consist of cellu¬ 
lose, the hexosans (mannan and galactan), the pento¬ 
sans (xylan and araban), the hemicelluloses, proto¬ 
pectin, lignin, and, sometimes, waxes or silica. The 
wall constituents are cemented together by the cal- 

CH=CH-CH S 

H-C^'V-H 
I II 



Isoeugenol 
(structural unit 
of lignin) 

cium and magnesium salts of pectic acid. We should 
consider briefly the relative amounts of these cell-wall 
constituents in typical plant material. 

The primary cell wall is the first wall of every cell 
and is the only wall of many cells, such as those of 
thin-walled parenchyma and sieve tubes. The ap¬ 
proximate composition of such walls is shown in 
Table 3. Characteristic of primary walls are the small 
amount or complete lack of lignin and the large pro¬ 
portion of pectic substances. Compare the figures 
vnth those for the cell-wall material of the sapwood 
of a tree, in which there is much secondary wall de¬ 


24 


velopment. Analyses have also been made of the 
straw of various cereals. The straws have a high ash 
content, from 3 to 7 percent, of which a part is the 
silica that gives them their distinctive stiffness. The 
most characteristic feature of the cell wall of the 
straw is its high hemicellulose content. 

Almost nothing is known about the synthesis of the 
cell-wall materials. If D-glucose is assumed to be the 
starting material, we can conclude by analogy to 
starch synthesis that a supply of free energy (pre¬ 
sumably from ATP or a similar energy-carrier) is 
necessary to link the sugar units together. One may 
speculate that the synthesis proceeds via a phos- 
phorylated intermediate, as in starch synthesis, or 
perhaps via a dissaccharide. 

More is known about the origin of the various 
monosaccharides of which the polysaccharides are 
composed. The principal ones, in addition to glucose, 
are the hexoses D-mannose and D-galactose, and the 
pentoses D-xylose, D-arabinose, D-ribose, and the 
derivative 2-deoxyribose. Enzymes, which have been 
isolated, phosphorylate both mannose and galactose 
with the formation of mannose-6-phosphate and ga¬ 
lactose-1-phosphate. In these reactions ATP supplies 
the high-energy phosphate. Isomerases may then 

isomerize the mannose-6-phosphate to glucose-6- 
phosphatc and the galactose-1-phosphate to glucosc- 
1-phosphate. The pentoses are derived from glucose 
y a sequence of reactions more appropriated con¬ 
sidered under respiration. At that time we shall dis¬ 
cuss the probable origin of the pentose sugars listed 
above. 
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table b. Approximate Composition of Cell Walls ( percentage of total cell 

wall ) 



PRIMARY WALL 



SUBSTANCE 

(coleoptile) 

SAP WOOD 

STRAW 

Cellulose 

•36-40 

45 

44 

Noncellulosic polysaccharides 
Hemicellulose 

} 30 { 

15 

4 

9 

23 

Pectic substances 

13 

1.6 

1 

Lignin 

0 

21 

18 

Wax 

20 




In summary, the monosaccharides that occur free 
in tissues and those that constitute the principal car¬ 
bohydrates of the plant are all derived from photo- 
synthate—that is, from glucose, fructose, or sucrose. 

Once the cell wall is synthesized, the carbohydrates 
in it, with certain exceptions, are unavailable for the 
metabolism of the plant. The two major exceptions 
occur during the ripening of fruits and just before 
the abscission of plant parts. In both phenomena 
the tissues develop enzymes that catalyze the dissolu¬ 
tion of the calcium and magnesium pectates of the 
middle lamella; this dissolution is followed by sepa¬ 
ration of the cells. 


tained from corn. Cellulose in the form of the fiber 
cells of cotton, flax, jute, and hemp is used to manu¬ 
facture a wide variety of textiles. Wood pulp is 
degraded cellulose (shortened chain lengths) made 
by dissolving out the lignin with hot solutions of 
sodium hydroxide or calcium bisulfite. The pulp is 
used principally to make paper. Rayon is a synthetic 
fiber made from cellulose. When sulfite wood pulp 
or cotton is treated with carbon disulfide, the latter 
reacts with the hydroxyl groups of cellulose to form 
xanthates, which are soluble in water. The reaction 
is reversed by acidification. The viscous solution of 
xanthate is spun out into threads, which are then 
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Although the higher plants are unable themselves 
to metabolize the cell-wall materials, certain micro¬ 
organisms contain enzymes that catalyze the fairly 
rapid decomposition of all those materials except 
lignin. The residual lignin remains in the soil for a 
long time and is therefore an important part of the 
organic matter of the soil. 

The major practical uses of carbohydrates are well 
known. The cereal grains and potatoes supply starch, 
and sugar cane and sugar beet supply sucrose, 
both of which serve as the source of carbon, hydro¬ 
gen, oxygen, and free energy for all nonphotosynthe¬ 
tic organisms. Wood as such constitutes a fuel and 
provides lumber for construction. In addition to these 
rather obvious and well-known roles of plant carbo¬ 
hydrates in man’s economy, there are the many in¬ 
dustrial uses that can only be mentioned here. Large 
quantities of starch are used in stiffening agents and 
adhesives. In the United States most starch is ob- 


passed through an acid solution that regenerates the 
cellulose of the rayon thread. Other components of 
the cell wall are also used by man. Pectins, for 
example, are extracted from fruits, principally citrus 
fruits and apple, and used to solidify fruit jams and 
jellies. 

The experiments that follow (40 and 41) include 
a number of tests for identifying some of the sugars 
that enter into the composition of the protoplasm and 
the cell wall. In Experiment 40, two tests for pentose 
sugars are described. In Rial’s test, heating a pentose 
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in concentrated hydrochloric acid causes the forma¬ 
tion of furfural from the sugar (#26). The furfural 
(or derivatives of it) then reacts with orcinol (#27) 
to form colored products of uncertain constitution. 
As mentioned earlier, the colors produced under 
specified conditions are sufficiently different for vari¬ 
ous sugars or classes of sugar to permit identification. 
In the benzidine test, for example, the final colored 
complex formed between the furfural (or its deriva¬ 
tives) and benzidine (#28) is cherry-red, whereas 
the result with hexoses varies from yellow to brown. 

#################################################### 


Experiment 40. Tests for Pentose Sugars in Plant 
Tissues 

Using 0.25% solutions of glucose and a known 
pentose sugar (e.g., xylose), carry out the 
following tests: 

A. BiaTs Test. To 2 ml of sugar solution add 
an equal volume of Bial's reagent (0.2% solution 
of orcinol in concentrated HC1). Heat the sugar- 
reagent mixture in a boiling water bath, and add 
a few drops of a 1% solution of ferric chloride. A 
deep green color indicates pentose. 

B. Benzidine Reaction. To 0.5 ml of sugar 
solution in a test tube add 2 ml of a 4% solution 
of benzidine in glacial acetic acid (do under a 
hood!). Heat the mixture to boiling, and cool the 
tube immediately in cold water. A cherry-red 
color indicates pentose. 

C. Place about 0.1 g of powdered violet leaves 

in a 50 ml beaker, add 20 ml of 95% ethyl alcohol, 

and extract the leaf pigments over a steam bath 

until the leaf fragments appear whitish in color. 

Pour off the alcoholic solution of the pigments. 

Add 20 ml of 12% HC1, and hydrolyze on the 

steam bath for about another 15 min. Filter the 

cell debris, and test the filtrate with the two 
tests above. 



As we have seen, the plant cell wall may comprise 
a number of complex organic substances. In Experi- 


[ Exp 40, 41 ] 

ment 41 you will perform a number of chemical 
tests for these substances. First, in part A, the quali¬ 
tative composition of the almost pure cellulose of 
cotton is determined. The cellulose is dissolved with 
concentrated sulfuric acid. This strong treatment 
causes considerable hydrolysis—that is, the long 
chains of the native cellulose are broken into shorter 
lengths. A less rigorous solvent for cellulose is an 
aqueous solution of cupric ammonium hydroxide 
[Cu(OH) 2 dissolved in strong NH 4 OH], which is 
called cuprammonium solution or Schweitzer’s re¬ 
agent. One copper atom combines with each glucose 
residue. The larger copper atom increases the dis¬ 
tance between the cellulose chains, permitting their 
hydration and solution. The Seliwanoff reaction used 
in this experiment was discussed in relation to Experi¬ 
ment 39. 

Native cellulose does not react with iodine to form 
a colored complex. After treatment with concentrated 
sulfuric acid, however, the cellulose chains become 
hydrated and swell; they can then react with iodine 
to give a characteristic blue color. 

Part B of Experiment 41 makes use of reactions of 
lignin resulting in colored complexes. In both tests 
the treatment with hydrochloric acid solubilizes the 
lignin, probably altering the molecule and thereby 
making possible the reactions with phloroglucinol 
and other reagents to give characteristic colors. 

^ou will recall from an earlier discussion that, as 
fruits ripen, the water-insoluble protopectin of their 
primary walls is transformed into shorter chains 
called pectin, which is soluble in water. This pectin is 
precipitated by alcohol in part C of Experiment 41. 
The benzidine test is used to show’ the presence of 
pentose residues, which are arabans precipitated w ith 
the pectin. Hydrolysis of the methyl groups of pectin 
w’ith alkali leaves pectic acid, which forms an in¬ 
soluble salt with calcium or magnesium, as in the 
middle lamella. 


Experiment 41. Cell-wall Substances 

A. The Structural Carbohydrate: Cellulose. 

To 5 ml of concentrated H 2 S0 4 in a small flask 

add small pieces of surgical cotton (about 0.3 g). 

When the cotton is dissolved, pour the solution 

slowly and cautiously into 15 ml of water, taking 

care to cool the flask under the tap. Take 10 ml 

of the cooled solution, add a drop of phenol- 

phthalein, and neutralize with 10N NaOH until a 

faint pink color results. Heat the remaining 10 

ml on the steam bath for 10 min, cool, and 
neutralize. 
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Make the following tests on portions of each 
solution after determining positive tests with 
solutions of known sugars (e.g., glucose, fructose, 
sucrose, xylose) : 

1. Benedict’s reagent for reducing sugars (see 
Exp 36, p. 85). 

2. SeliwanofFs reaction for ketoses. To 1 ml of 
solution add 1 ml of 25% HC1 and a pinch 
of resorcinol. On warming, a deep rose-red 
coloration indicates a ketose (see Exp 39 p. 
92). 

3. Bial’s test for pentoses (see Exp 40, p. 97). 
Report your results in the form of a chart. 

Stain a thin section from a young tomato stem 
on a slide in I 2 KI solution for 1 min. Drain off 
the iodine solution, and add a drop of 75% H_>S0 4 . 
Add a cover slip, and observe under the micro¬ 
scope. Structures of cellulose become blue and 
swollen. 

B. Lignin. (1) Stain a thin cross-section of a 
young tomato stem on a slide with a drop of 
alcoholic phloroglucin solution. Allow the solu¬ 
tion to evaporate. Add a drop of concentrated 
HC1, then a cover slip. Examine. Lignin stains 
cherry-red. (2) The permanganate test may be 
used to distinguish between the lignins of hard 
and soft woods. Soak wood shavings in 1% 
KMNO-i solution for 15 min. Rinse several times 
in distilled water, and then soak in 25% HC1 for 
5 min. Wash well with distilled water, and add a 
few drops of 2N ammonia. Hard woods show a 
deep red color; soft woods appear brown. These 
chemical differences are not well understood. 

C. Pectin. Obtain the freshly pressed juice 
from a chopped apple. Add 3 times the volume of 
75% alcohol to the clear solution, allow to warm 
on a steam bath for 1/2 hr, and then filter the 
precipitated pectin in a Buchner filter. Wash the 
precipitate with 75% alcohol, scrape it from 
the filter paper, and dissolve it in 10 ml of dis¬ 
tilled water. 

To 1 ml of the solution add (in the hood) 2 ml 
of 4% solution of benzidine in glacial acetic acid, 
heat to boiling, and cool rapidly. A bright red 
color is characteristic of pentoses, probably rep¬ 
resented here by arabinose, present in the form 
of nonpectic arabans. 

Divide the remaining pectin solution into two 
4 ml portions in test tubes. To one add 2 ml of 


2N NaOH, warm gently, then cool. To the other 

add 2 ml of distilled water, and allow to stand 

for 10 min. Test 3 ml portions of each solution as 
follows: 

1. Acidify with 0.5 ml of concentrated IIC1. 
Pectic acid will form a gelatinous precipitate. 

2. Add 0.5 ml of 0.5M CaCL. The precipitate 
formed is calcium pectate. 

C. Aerobic Respiration and 
Alcoholic Fermentation 

Aerobic respiration is that aspect of cellular metab¬ 
olism which involves the oxidation of organic sub¬ 
stances, the simultaneous reduction of molecular 
oxygen to water, and the liberation of energy in the 
form of high-energy phosphate compounds. The over¬ 
all process in living tissues is normally associated 
with an absorption of oxygen, a stepwise oxidation of 
organic substrates, and the release of energy in the 
form of ATP or as heat. It may also be characterized 
by a release of carbon dioxide, the formation of 
water, and a corresponding loss in the dry weight of 
the respiring tissue. 

Complete aerobic respiration, in which the initial 
substrate is a hexose sugar and the final products are 
carbon dioxide and water, is a complex process con¬ 
sisting of over twenty sequential chemical reactions. 

The product of one reaction serves as the substrate 
of the next and is called an intermediate. All the 
activities of protoplasm, including the carbohydrate 
metabolism just investigated, depend on aerobic 
respiration. The two major results of the process are: 
(1) the free energy of hexose sugar is transferred 
from the sugar into high-energy phosphate bonds 
and is there stored in the molecules of ADP and 
ATP; (2) intermediates are formed which serve as 
the initial substrates for the synthesis of amino acids, 
proteins, fats, and many other cellular components. 

When one sugar molecule passes through the entire 
sequence of reactions, the net result is that: (1) six 
atoms of carbon are released from the sugar and are 
evolved as the gas carbon dioxide; (2) twelve hy¬ 
drogen atoms are removed from the sugar and in a 
subsequent series of reactions unite with six atoms 
of oxygen from the oxygen gas of the atmosphere to 
form six molecules of water; (3) about 691,000 
calories of free energy (per mole of hexose) in part 
are transferred to form molecules of ATP and in part 
are lost as heat. The over-all chemical reaction is 

CeHuA, + 60, -> 6CO,. + 6H.O (+ 691,000 cal) 
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In respiring tissues not one but millions of mole¬ 
cules of hexose sugar are oxidized by this process, 
and millions of molecules of oxygen are consumed 
and of carbon dioxide produced. Thus, over a period 
of time, measurable volumes of oxygen and carbon 
dioxide gas are exchanged by actively respiring 
tissues. The rate of respiration is usually determined 
experimentally by measuring the amount of oxygen 
absorbed or of carbon dioxide evolved in a given 
time. Under certain conditions, it may be useful to 
measure the amount of hexose sugar consumed. In 
Experiment 42 both the uptake of oxygen and the 
production of carbon dioxide are determined. 
Knowing these values, one is able to calculate the 
respiring tissue’s respiratory quotient (RQ), which is 
the ratio of the volume of carbon dioxide evolved 
to the volume of oxygen absorbed by the tissue: 


seeds, on the other hand, would be very poor mate¬ 
rial, since they are inactive and have, consequently, 
a very low respiratory rate. 

Experiment 42. Determination of the Respiratory 
Quotient of Plant Tissues 

Using the apparatus described in this experi¬ 
ment, you will attempt to measure Os uptake and 
CO 2 production simultaneously. Since consider¬ 
able difficulty has been encountered in designing 
such devices, even on the research level, the 
method used here may not be used for precise 
quantitative determinations; but it is quite satis¬ 
factory for demonstrating the principles of mano- 
metric determination of gas exchange by plant 



volume of CO 2 evolved 
volume of 0 2 absorbed 


tissues. 

To the sidearm of a suction flask is attached 


When the initial substrate for complete aerobic 
respiration is a carbohydrate such as a hexose, the 
RQ is equal to 1.0. 

In most plant tissues under aerobic conditions the 
initial substrate of aerobic respiration is hexose. 
Under certain conditions, and in particular plants 
or plant parts, respiration may begin with substrates 
| other than hexose. Most commonly these alternate 
substrates are organic acids and fatty acids. When 
they are completely respired in the presence of molec¬ 
ular oxygen, the final products are again carbon 
dioxide, water, and free energy. The over-all equa¬ 
tions are illustrated in the following examples: 

Typical organic acid: 

C 4 H 6 0 5 + 30 2 4C0 2 + 3H 2 0 

Typical fatty acid: 

CisHaeO* + 260-. -> 18C0 2 + I 8 H 0 O 

A simple calculation shows that with these sub¬ 
strates the RQ is 1.33 for the organic acid and 0.7 
for the fatty acid. These values will vary slightly 
according to the particular acid being respired; 
however, the RQ for the respiration of an organic 
acid usually exceeds 1 . 0 , whereas that for a fatty acid 
is less than 1.0. Very often the RQ of a respiring 
tissue can be used as an index to the nature of the 
initial substrate. 

Since aerobic respiration underwrites all aspects of 
metabolism, it should be no surprise that its rate 
is closely correlated with the degree of metabolic 
activity of the tissue. In Experiment 42, germinating 
| peas are chosen because of the high level of activity 
associated with the germination of the seedling. Dry 


a length of glass tubing that has been bent near 
the upper end so it will hang vertically. A vial 
containing 10 ml of 10N NaOH is prepared, and a 
glass marble is placed in the mouth to close it. 
Choose a vial with a perfectly round mouth so 
that the marble will fit snugly and close it com¬ 
pletely yet fall out readily when the vial is tipped. 
Be sure the marble is not wetted with NaOH, for 
this would cause failure. Arrange the tube at¬ 
tached to the sidearm of the flask so that it will 
dip below the surface of a dye solution (meth¬ 
ylene blue) in a beaker on the desk when the 
flask is placed on the shelf (Fig. 27). 

At the start of the run, fill the bottom of the 
flask with about 15 g of germinating pea seed, 
and, with the aid of a sling made of string, im¬ 
mediately place the vial of NaOH within the 
flask, taking care not to spill it or wet the marble 
with NaOH (leave the string inside). Stopper 
the flask immediately, and allow the sidearm tube 
to dip below the water in the beaker. Keep the 
flask in this condition for 2 hr. The length of time 
depends upon the rate of respiration of the seed; 
enough seed should be used so the run can be 
stopped after 2 hr. If it goes too long, water will 
enter the flask from the sidearm when the NaOH 

is spilled into the flask, and the experiment will 
fail. 

At the end of the run, mark the level of water 
in the sidearm tube, and record its distance in 
millimeters above the water level in the beaker 
This distance may be quite small and yet the 
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figure 27 Apparatus for determination of 
the respiratory quotient of germinating 
pea seeds. 


experiment be entirely successful. (Why?) 
Keeping the end of the sidearm tube below the 
water level in the beaker, tip the flask so that 
the marble rolls out of the mouth of the vial and 
NaOH is spilled into the flask; then return the 
flask to the shelf, and agitate it slightly for a 
short time only (do not warm the body of it with 
your hand). When the water has ceased to rise 
in the sidearm tube, mark its level again, and 
record its distance above the water level in the 


beaker. Finally, remove the sidearm tube, and 
determine the volume of liquid contained within 
it when each of the two levels was marked, by 
sucking Brodie solution into it, as if with a 
pipette, bringing the level to the mark and re¬ 
leasing the solution into a finely graduated 
burette filled to a mark with the same solution. 
In determining volumes, suck up Brodie solution 
until the tube is full. Place your finger over the 
lower end to hold the solution in, then place a 
finger over the upper end, let go below, and 
operate as a pipette until the level goes down to 
your mark. Then release the remainder into the 
partially filled burette. Make accurate readings 
before and after adding the liquid from the tube. 
The difference is the volume of the tube length. 
Brodie solution contains a detergent, and its use 
permits an accurate estimation of volume. 

Determination of the RQ from the data col¬ 
lected above requires some computation. In order 
to explain the method more clearly, the data 
that are to be taken during the experiment, and 
the symbol used for each in the explanation, are 
summarized as follows: 

Va = volume contained in tube at end of run, 
before NaOH is added 

Da = distance of water level in tube above 
level in beaker before NaOH is added 
(a measure of the pressure in the flask) 

Vb = volume contained in tube after NaOH 
is spilled 

Db = distance of water level in tube above 
level in beaker after addition of NaOH 

Vt = approximate total volume of apparatus 
(This volume is about 300 ml; it is not 
necessary to determine it exactly.) 

While the plants are respiring in the flask, O 2 
is being taken up and CO 2 released. If, during 
the run, more 0> is taken up than CO 2 given off, 
the volume within the apparatus decreases by the 
amount by which uptake of O 2 exceeds release 
of CO 2 . If the same amount of CO 2 is released 
as of O 2 absorbed, the volume of the system does 
not change. Thus Va, the net volume change 
in the system, is a measure of the difference 
between O 2 uptake and CO 2 production. 

NaOH, a strong alkali, removes CO 2 from the 
air. When NaOH is released into the flask by 
tipping, all CO 2 already produced by the plants 
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is removed; die flask is then in the same condition 
as if no CO* had been released by the plants. 
In other words, Vb is a measure of the absolute 
0 2 uptake of the plants during the time period, 
unaffected bv anv release of CO_> that may have 

* 0 

been going on at the same time. Since Ya ex¬ 
presses the difference between O.- uptake and 
CO_> production, we can find the absolute C0_> 
production by subtracting Va from \ b. \\ e 
neglect the CO- content of the atmosphere in this 
experiment. It is insignificantly small (0.03'r). 

Before making this calculation, however, we 
must first correct the volumes Va and Vb by 
taking into account the lowering of pressure in 
the flask that is due to the standing column of 
water, which tends to pull down and thus to 
increase the volume within. For this purpose Da 
and Db are taken. We wish to restore Va and Vb 
to the value they would have if the contents of 
the flask were at atmospheric pressure. Since 
volume is inversely proportional to pressure, the 
total volume within the flask multiplied by the 
fraction 

pressure in flask 
atmospheric pressure 

gives its volume at atmospheric pressure. The 
pressure in the flask when Va is read is atmos¬ 
pheric pressure (760 mm Hg) less the weight 
of water in the sidearm tube above the level in 
the beaker; to express this in mm Ilg, we divide 
the distance Da in mm by 13. The value Da./13 
we shall call Pa, and the pressure in the flask is 
then (/60 Pa). The total volume within the 
flask when Va is read is (Vt - Va). The total 
volume at atmospheric pressure (V), then, is 

(Vt - Va)(760 - Pa) 

~ 760 

and the corrected Va' = Vt — V. Va' is then 
the true net volume change and expresses 
(O 2 ) — (CO 2 ). Vb', the true total O 2 uptake, is 
found by an identical calculation involving Vb 
and Pb, in which Pb = Db/13. Note that we can 
assume the total volume Vt as definitely as 
necessary—namely, as 300.00 ml—with very little 
loss in accuracy because we are interested in 
volume changes, not in total volume of the 
system; we maintain accuracy, however, only by 
carrying out the calculation to at least the 
first decimal place by longhand or logarithms. 


Note also that, if we are to avoid error, the tem¬ 
perature must remain the same throughout the 
experiment. 

We now compute the RQ as suggested above: 
we determine (CO-) by subtracting Va' from Vb' 
and divide this by Vb' to obtain the RQ. 
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be directlv controlled by two external factors of the 

* * 

environment: the concentration of oxygen (i.c., the 
oxygen tension or partial pressure in the atmosphere) 
and the temperature. We have already noted that 
oxygen gas absorbed from the atmosphere is reduced 
to water by hydrogen released from the respiratory 
substrate. If the rate of diffusion of oxygen into the 
cells is restricted, respiration slows down because 
the removal of hydrogen from the substrate cannot 
take place. Death by suffocation is the result of in¬ 
adequate oxygen. Roots become suffocated when soil 
is waterlogged or excessively heavy and unaerated. 
As a result, the plants develop poorly or not at all. 
When bare-root nursery stock is kept in cold storage, 
care must be taken to maintain an adequate supply 
of oxygen. 

Since respiration is a sequence of chemical re¬ 
actions, the over-all process, like each chemical step, 
is sensitive to temperature. The rate of chemical 
reactions in inorganic or organic chemistry goes up 
with rising temperature. The same is true for enzyme- 
catalyzed reactions but only for limited rises in tem¬ 
perature. This is because high temperatures inactivate 
the enzymes. Inactivation of most enzymes begins at 
about 50°C. A rising temperature therefore has two 
opposing effects on the rate of enzyme-catalyzed 
reactions: (1) the reaction itself is speeded up; (2) 
the inactivation of the enzyme is also speeded up 
Under a particular set of conditions, consequently, 
there is an optimum temperature for a particular 
reaction. This optimum is not fixed; it is affected by 
the length of time during which the rate is deter¬ 
mined. If the time for determination is very short, 
the enzymes need not last long, and high temper¬ 
atures will result in a rapid reaction. If the time for 
determination is longer, the effect of high tempera¬ 
tures in inactivating the enzyme will seriously de¬ 
crease the active enzyme concentration, and the 
over-all rate of the reaction will be low. In Experi- 
ment 43, the temperatures, except perhaps that of 
35 C, are below the point where inactivation of 
enzymes is significant. In analyzing the results of this 
experiment, refer to the discussion preceding Experi¬ 
ment 23 (p. 53) for the calculation and use that 
can be made of the temperature coefficient (the Q Ul ) 
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Experiment 43. The Effect of Temperature on 
the Rate of Aerobic Respiration 

Place 50 ml of 0.2N NaOH in each of five 16 oz 
bottles, and immediately stopper tightly with 
rubber stoppers. Weigh out four 10 g portions 
of soaked pea seeds, place each in a sack made of 
a square of cheesecloth tied with a piece of string, 
and suspend one in each of four of the bottles, 
with the string held between the stopper and the 
glass. The seeds and cheesecloth must be secured 
safely above the alkali (Fig. 28). Place the tightly 
stoppered control bottle, lacking seed, in your 
locker. Label the bottles, and keep one at each 
of the following controlled temperatures: 5°C 
(refrigerator), 20°C (locker), 25°C (culture 
room), and 35°C (incubator). At the end of 48 
hr, remove the seed from the bottles, and quickly 
restopper. Then titrate for the amount of CO 2 
released in respiration. 

Pipette 10 ml of solution from a bottle into a 
125 ml flask, and add 5 ml of BaCls solution, 
which will precipitate the CO 2 absorbed by the 


figure 28 Apparatus for collecting the car¬ 
bon dioxide released during the respira¬ 
tion of germinating pea seeds. 
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alkali in the bottle. Add 3 drops of phenolphthal- 
ein indicator, and titrate with 0.1N HC1 until the 
color disappears. Do the same thing for a 10 ml 
portion of alkali from the control bottle (the one 
with no seeds). Subtract the first value obtained 
from the value for the control flask, and multiply 
by 5. This will give the total amount of acid 
equivalent to the CO 2 respired. Run duplicate 
titrations on each flask, using considerable care 
in your measurements. Plot ml of HC1 equivalent 
to respired CO 2 against temperature. 

The sequence of chemical reactions that comprise 
the aerobic respiration of glucose may be divided 
into two major parts: (1) glycolysis, a series of 
enzymatic reactions that produces two molecules 
of pyruvic acid from each molecule of hexose; (2) 
the Krebs cycle, a cyclic sequence of reactions in 
which the pyruvic acid produced during glycolysis 
is completely oxidized to carbon dioxide and water. 

We indicated earlier that respiration usually has 
as its initial substrate a hexose sugar. It has become 
customary to consider D-glucose as the first reactant 
in aerobic respiration, in part because the oxidation 
of glucose to carbon dioxide and water is perhaps 
the most completely understood respiratory pathway, 
but also because the accumulated evidence indicates 
that glucose does, in fact, occupy a key position in 
the respiratory processes of most aerobic organisms. 
In earlier experiments we have seen, however, that 
the metabolic carbohydrates—the hexoses, sucrose, 
and starch—are all transformed, one into another, by 
enzymes usually present in plant cells. Some of these 
interrelations are summarized in #29. In this dia¬ 
gram you will notice two reactions not previously 
discussed. Fructose, like glucose, can be directly 
phosphorylated by a hexokinase enzyme with high- 
energy phosphate from ATP to give fructose-6-phos- 
phate. Furthermore, fructose-6-phosphate, by a 
second phosphorylation, can be transformed into 
fructose-1,6-diphosphate (see #31-C). Notice also 
that pentose sugars may be derived from glucose-6- 
phosphate by a sequence of reactions (which will be 
discussed later). 

Glycolysis 

If we use glucose as the initial substrate in gly¬ 
colysis, we can follow the sequence of reactions 
(#31) whereby two molecules of pyruvic acid are 
formed from each molecule of glucose. (In this 
sequence, and henceforth, the phosphate group will 
be represented by the symbol ©, as shown in #30.) 
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Several points of particular interest should be noted. 
The free sugar, glucose, in order to be respired, must 
first be phosphorylated at the expense of two high- 
energy phosphate bonds, derived from two molecules 
of ATP. In reaction D, the phosphorylated hexose 
thus formed, fructose- 1,6-diphosphatc, is split into 
two trioses, which are in equilibrium with each other. 
Thus, although 3-phosphoglyceraldehyde is the sub¬ 
strate of the next step in glycolysis, the phosphodihv- 
droxyacetone may be isomerized to the former, so 
that both trioses are respired. We shall see later that 
phosphodihydroxyacetone may also serve as the initial 
substrate in the formation of glycerol, a component 
of fats and oils. 

The triose phosphate, 3-phosphoglyceraldehyde, 
then enters into a complex but singularly significant 
reaction (F), during which a biological oxidation 
of the substrate occurs, and, simultaneously with the 
removal of hydrogen, a high-energy phosphate bond 
is formed during the incorporation of inorganic phos¬ 


phate. In the subsequent reaction (G), the transfer 
of the high-energy phosphate group to ADP results 
in the synthesis of ATP. 

Reaction F is the first example we have considered 
of one of the most common methods of biological 
oxidation—that is, the removal of hydrogen from a 
substrate. Here the enzyme phosphoglyceraldehyde 
dehydrogenase catalyzes the removal of a pair of 
hydrogen atoms. In order for the reaction to proceed, 
however, an acceptor for the hydrogen—in this case 
a coenzyme called diphosphopyridinc nucleotide 
(DPN)—must be present. DPN is a complex or¬ 
ganic molecule made up of two D-ribose units, one 
adenine (see #10, p. 82), two phosphoric acid 
groups, and nicotinamide. A closely related com¬ 
pound that acts in the same way as a hydrogen ac¬ 
ceptor in biological systems is triphosphopyridine 
nucleotide (TPN), which differs from DPN only 
in containing an additional phosphoric acid group. 
Nicotinamide (or its close relative nicotinic acid) 
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is one of the well-known B vitamins and can spe¬ 
cifically cure the human disease pellagra, produced 
by a deficiency of this vitamin in the diet. The 
nicotinamide part of the molecule is the site of the 
hydrogen-accepting mechanism. In the oxidized 
form the nicotinamide bears a positive electric 
charge (i.e., lacks an electron). If, as the substrate- 
enzyme complex is oxidized by removal of two 
hydrogen atoms, those atoms are represented as two 
hydrogen ions and two electrons, DPN is reduced as 
in #32, in which R represents the part of the DPN 

molecule to which nicotinamide is attached. DPN 

% 

thus adds one hydrogen ion and two electrons. The 
other hydrogen ion appears in the solution. Reduced 
DPN is often represented as DPNH, it being under¬ 
stood that the reduction also includes the free hv- 
drogen ion. Just as protoplasm contains only limited 
amounts of the various enzymes, so also it contains 
only small amounts of DPN and TPN. If respiration 
is to continue, DPNH must therefore be reoxidized. 
This oxidation ultimately requires molecular oxygen, 
as we shall observe later. 

As a result of the hydrogen transfer involving DPN 
and of the simultaneous addition of a phosphate 
group to carbon 1 from inorganic phosphate, 3-phos- 
phoglyceraldehyde is oxidized to 1,3-diphosphogly- 


ceric acid. Two significant events occur during this 
over-all reaction. First, the transfer of the hydrogen 
pair is accompanied by the transfer of a substantial 
amount of free energy. Later we shall see that, 
during the course of the reactions whereby hydrogen 
is transferred to oxygen to form water, this free 
energy is converted into high-energy phosphate 
bonds in the form of ATP. Second, the energy 
remaining in the 1,3-diphosphoglyceric acid is now 
distributed within the molecule differently than it 
was before the oxidation. Some 16,000 calories of free 
energy have been concentrated in the bond attaching 
the phosphate group to carbon 1. A low-energy 
phosphate bond has been transformed into a high- 
energy phosphate bond. In the very next step (G) 
this high-energy phosphate is transferred to ADP, 
transforming it into ATP, with a terminal high- 
energy phosphate bond of 12,000 calories, and re¬ 
sulting in the formation of 3-phosphoglyceric acid. 
Thus a high-energy phosphate bond, which can be 
used as needed in the synthesis and maintenance 
of cells and in other work of living organisms, has 
been formed and has been stored in ATP. This 
creation of high-energy phosphate groups by oxida¬ 
tion of an intermediate will be seen to happen many 
times during aerobic respiration. 


H 

i 


H-C /C ^C-C 

II I 

C-H 


NH 


H-C 


7* 

R 


DPN * 
(oxi Jized) 


+ (h*) +:'h v -i- e ': + [ e ) 




H 

H 


C 

II 

C 


H 

i 

C 


c-c 

I 

CH X 


o 

NH 


n; 

i * 


A 

# 


i + H * 
* 


DPN H * H* 

(reduce d) 







106 


CELLULAR METABOLISM 


THE KREBS CYCLE 


To amino acids 


PYRUVIC ACID OXALOACETIC ACID 


CHj 
r * 

c = o 

iCoo;h 

^ * 


H,0 


__X 


(K) Enzyme complex + -the coenzymes 
cocarboxylase, coenzyme A, and 
'tliioc'tic acid 


CITRIC ACID 


(l) Aconitase 


C1S-ACON1TIC ACID 


(]Vl) Aconitrase 


CO 


h/ 2 ;c- 

'HO/-C - 
" H Z C- 


COOH 

COOH 

COOH 


h 2 o 


HC 

n 

c 

H Z C 


-COOH 

-COOH 

-COOH 


H,0 


COOH 

c = o 


HiC 


COOH 


To fatrtry acids 


DPN 


+ O 


DPNH ♦ H + 


H 2 0 
ca. 3 


33 


ISOCITR1C ACID 


(n) Isocitric dehydrogenase 


OXALOSUCCINIC ACID 


HO-C-COOH 
HC-COOH 
H 2 C -COOH 


u 


TpN * 


+ o 


(o) Oxalo succinic decarboxylase 


OC-KETOGLUTARIC ACID 

(p) Enzyme complex + The coenzymes 
cocarboxylase, coenzyme A. and 
■thioctic acid 

SUCCINIC ACID 


(q) Succinic dehydrogenase 


O = C-COOH 

H -C-(C0 0»H 
H 2 C-COOH 


O = C-'COO/H 

I ^- 

CH Z --- 
H 2 C-COOH 


TPNH + H* 


CO 


. DPN * 

*-H z O / TO 

I"'*- I co z | V —*■ —; 


HjC-COOH 

h 2 c-cooh 


H 


COOH 


DPNH T H 


Cytochrome 

c - - 

' 2H 


FUMAR1C ACID 


CH 

U 

HC 


COOH 


(n) f 


umarase 


h 2 o 


h 2 o 


ca. 3 


To Amino acids 


h 2 o 


ca.4-® 


H z O 

ca. 2~® 


(continued) 







aerobic respiration and alcoholic fermentation 

w 



3 3 cout 


MALIC ACID 


(s) Malic dehydrogenase 


OXALOACETIC ACID 


COOH 

HCOH 

H Z C 

COOH 


r 


COOH 

i 

c=o 


H ,C 


COOH 


\ 


To step K again 


D PN * 


+ O 


DPNH + H * 



H z O 
ca. 3 


© 


To amino acids 


Lot us now continue with the glycolytic sequence 
of aerobic respiration. The 3-phosphoglyceric acid is 
converted to 2-phosphoglvceric acid (H), which then 
undergoes dehydration with the removal of a mole¬ 
cule of water (I). Once again a particularly signif¬ 
icant event takes place. The removal of water causes 
another internal redistribution of energy: in the 
formation of the phospho-enol-pyruvic acid, a low- 
energy phosphate bond is converted to a high-energy 
phosphate bond. The phosphate group, with its bond 
energy, is then, as you should expect, transferred to 
A DP, transforming it into ATP and liberating pyruvic 
acid (J). 

The Krebs Cycle 

The second phase of aerobic respiration, the Krebs 
cycle (also called the citric acid cycle or the tri¬ 
carboxylic acid cycle), is shown in #33. The reason 
for the term “cycle” is evident from an examination 
of steps K and S. In step K pyruvic acid with three 
carbon atoms and oxaloacetic acid with four carbon 
atoms enter into a complex reaction during which 
the six-carbon compound citric acid is formed and 
one molecule of carbon dioxide is given off. The 
sequence of reactions represented then follows: the 
oxaloacetic acid is regenerated, and the pyruvic acid 
is completely oxidized to carbon dioxide and water. 
During one complete turn of the cycle, a molecule 
of pyruvic acid is degraded to carbon dioxide and 
water, and oxaloacetic acid is left to combine with 
another pyruvic acid molecule. The net result is the 
complete oxidation of pyruvic acid. 

If you remember that each molecule of glucose 
gives rise to two of pyruvic acid, you will see that 
the Krebs cycle, per molecule of glucose, accounts 
for the uptake of ten atoms or five molecules of 
oxygen and for the release of six molecules of carbon 


dioxide. If now you refer to glycolysis, you will note 
that in step F a pair of hydrogen atoms—that is, two 
pairs per molecule of glucose—were removed. These 
will require two atoms or one molecule of oxygen, 
making a total of six molecules of oxygen con¬ 
sumed. By a consideration of the detailed mecha¬ 
nisms of all of these reactions, it is possible, in similar 
fashion, to account for the net production of six 
molecules of water for each molecule of glucose 
respired under aerobic conditions. Thus, for the 
complete oxidation of glucose, as shown below, the 
detailed steps account for the reactants and the 
products: 

C 6 H 12 O e + 60 2 6CO a + 6H 2 0 

It is this over-all reaction with its gas exchange that 
was studied in the determination of the RQ in 
Experiment 42. 

The elucidation of the detailed mechanism whereby 
the cell oxidizes glucose to carbon dioxide and water 
is one of the major accomplishments of biochemistry 
and physiology. Aerobic respiration is the key to all 
of metabolism. As such, it is as important to the 
student of plant physiology as a knowledge of the 
internal structure of roots, stems, and leaves. 

Two steps of the Krebs cycle, K and P, have been 
shown considerably simplified. Each of these consists 
of at least two sequential reactions. You will notice 
that three coenzymes are involved, coenzyme A, 
cocarboxylase, and thioctic acid. Coenzyme A con¬ 
tains, as part of its structure, pantothenic acid, which 
is one of the B vitamins. The molecule of cocar¬ 
boxylase includes the vitamin thiamin. Thioctic acid 
is a recently discovered vitamin. We see here the 
explanation for the importance of vitamins. Without 
them, an organism cannot respire. Excised roots and 
many microorganisms do not have the metabolic 




108 


CELLULAR METABOLISM 


[ Exp 44] 

capacity for synthesizing certain vitamins. If they are 
to live and metabolize, these vitamins must be 
supplied in the external nutrient medium. 

The active group of coenzyme A is an -SH group, 
and the molecule can be represented as R-SH. One 


hibitor. Malonic acid, as shown in #35, is structurally 
enough like succinic acid to compete for the enzyme 
in the formation of the enzyme-substrate complex. 
The enzyme, however, cannot catalyze the removal 
of hydrogen from malonic acid. Thus the enzyme is 
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of the steps within step K results in the formation 
of the intermediate R-S-CO-CH 3 , called acetyl- 
coenzyme A, which is the result of the oxidative 
decarboxylation of pyruvic acid. In the next step, 
the acetyl group is transferred to oxaloacetic acid, 
forming citric acid, and coenzyme A is regenerated. 
The intermediate, acetyl-coenzyme A, is of major 
significance in cellular metabolism. It is at the cross¬ 
roads of many metabolic sequences. Later we shall 
see that fatty acid synthesis begins with R-S-CO-CH 3 , 
as indicated in #33. Also pointed out in that diagram 
is the fact that several of the Krebs cycle acids are 
the initial substrates in amino acid synthesis. 

One of the oxidative steps (Q) in the Krebs cycle 
is studied in Experiment 44. In the cell, the pair of 
hydrogens removed from succinic acid is transferred 
to a substance called cytochrome. In the experiment, 
an artificial hydrogen acceptor, 2 , 6 -dichlorophenoI- 
indophenol, is used because it has different colors 
in the reduced and oxidized states. The extract to be 
prepared contains the crude enzyme, succinic dehy¬ 
drogenase, plus any activators and coenzymes re¬ 
quired. The removal of the hydrogens converts the 
succinic acid to fumaric acid. The blue oxidized dye, 
upon reduction, changes to the colorless form 
(#34). To maintain the reduced dye, the reaction 
must be conducted in the absence of air, or the dye 
will be reoxidized by the oxygen in the air. 

The experiment includes the study of two inhibitors 
of the reaction. Inhibitors are powerful tools in the 
study of cellular metabolism. By adding to cells 
inhibitors known to act in a specific manner, we can 
demonstrate the occurrence of particular enzymes 
and hence of specific reactions. The silver nitrate in 
Experiment 44 inactivates the enzyme. This inhibitor 
is not specific and will poison enzymatic reactions in 
general because it acts on proteins. Malonic acid, 
on the other hand, is specific for succinic dehydro¬ 
genase and is what is known as a competitive in- 


tied up, and its effective concentration for the oxida¬ 
tion of succinic acid is decreased. When malonic 
acid is added to respiring cells, one can show an 
increase in the concentration of succinic acid, whose 
continuation through the Krebs cycle is prevented 
through usurpation of the succinic dehydrogenase 
by the competing, but nonmetabolized malonic acid. 

COOH 
H 2 C 
COOH 

IVTalonic acid 

################################################^»^^ 

Experiment 44. Succinic Dehydrogenase 

To each of 4 small test tubes add all of the 
following components: 

1.0 ml of 0.25M sodium phosphate at pH 6.8 

1.0 ml of 0.125M sodium succinate (or succinic 
acid) 

1.0 ml of 0.5 mg/ml gelatin 

0.1 ml of 2,6-dichlorophenol-indophenol (1:600 
aqueous solution) 

Make further additions to the test tubes as 
follows: 

Test tube 1: 1.0 ml of 0.25M sodium phosphate 
at pH 6.8 

Test tube 2: 2.0 ml of 0.25M sodium phosphate 
at pH 6.8 

Test tube 3: 1.0 ml of 0.01M silver nitrate 

Test tube 4: 1.0 ml of 0.01M malonic acid 

Remove the seed coats from 10 germinating 
white bean seeds, and grind the seeds in 20 ml 
of ice-cold 0.4M sucrose solution until the prep¬ 
aration is mushy. Centrifuge the suspension for 
5 min at 500 X g to remove cellular debris. 
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To test tubes 1, 3, and 4 add 1 ml of the 
enzyme preparation pipetted from the super¬ 
natant. To test tube 2 add only 0.1 ml of enzyme 
solution. 

Transfer the contents of each tube to a clean, 
dry, labeled colorimeter tube. Cork each tube 
with a one-holed rubber stopper arranged with 
a short piece of glass tubing to which is attached 
a piece of rubber tubing (Fig. 29). Evacuate 
each tube for about 1 min while carefully shaking 
the contents; then close the tube under vacuum 
with a screw clamp. 

Immediately after evacuation, make an initial 
reading with a colorimeter of the absorption by 
the solution, and note the exact time. Repeat this 
process with each tube in sequence, keeping a 
separate time record for each tube. Keep the 
tubes on your desk at room temperature, and 
make a colorimeter reading on each tube every 
15 min for the next hour. 


figure 29 Apparatus for studying the en¬ 
zymatic dehydrogenation of succinic acid 
by succinic dehydrogenase . 



Collapsed rubber tubing 
after evacuation 


One-holed rubber 4-topper 

with gla«* tube 


3crew clamp 


Colorimeter tube 


'Reaction mixture 


Plot the colorimeter reading in units directly 
against the time in minutes. 

Thus far, nothing has been said about the produc¬ 
tion of high-energy phosphate bonds from the free 
energy released in each of the oxidative steps of the 
Krebs cycle—and for good reason. These bonds are 
created during the sequence of reactions in which 
the hvdrogen atoms are transferred from the sub- 
strate to the primary hydrogen acceptors (DPN, 
Tl’N, cytochrome) and from the primary hydrogen 
acceptors to atmospheric oxygen, with which they 
react to form water (#33). In cells, the initial 
hydrogen acceptor does not transfer the hydrogen 
pair directly to oxygen; the hydrogens are passer! 
from one substance to another until they reach the 
compound called cytochrome. In a reaction catalyzed 
by tlie enzyme cytochrome oxidase, the hydrogens 
finally are transferred to molecular oxygen to form 
water. At each successive reaction, of course, the 
reduced hydrogen carrier is oxidized while the next 
one is reduced. Each transfer of hydrogen in the 
series is accompanied by the synthesis of high-energy 
phosphate bonds, which appear as ATP. Thus, at 
each oxidation-reduction in the series, some of the 
free energy associated with the hydrogens is con¬ 
verted into high-energy phosphate bonds, and some, 
of course, is lost as heat. Little is known of the 
chemistry of the formation of the high-energy phos¬ 
phate bonds or of their transfer to ADP. It is possible 
to measure the number of such bonds formed during 
the passage of each pair of hydrogen atoms from 
their removal from the substrate in aerobic respi¬ 
ration to their ultimate union with molecular oxygen. 
Until the details of the reactions are worked out, 
however, the number of high-energy phosphate 
bonds synthesized must be considered approximate. 

Table 4 summarizes, in the form of a balance 
sheet, the complete aerobic respiration of the hexose 
sugar glucose to carbon dioxide and water in the 
presence of molecular oxygen. It presents the total 
for each of the reactants involved in the over-all 
process—that is, the number of molecules of oxygen 
consumed, the number of molecules of carbon di¬ 
oxide produced, and the net number of high-energy 
phosphate bonds synthesized in the form of ATP 

together with the particular step in which each re¬ 
actant is involved. 

The complete respiratory oxidation of glucose 
results in thirty-eight high-energy phosphate bonds 
with a free-energy value of about 456,000 calories 
out of the 691,000 calories originally available in a 
mole of glucose. The efficiency of transfer of energy 
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table 4 . Balance Sheet of Aerobic Respiration 


cellular metabolism 
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38 X 12,000 cal/mol = 456,000 cal of usable energy 


out of 691,000 cal in a mole of 
glucose 

Efficiency = ca 66% 

• Estimates based on experimental determinations of the P/O ratio [the ratio of inorganic 
phosphate taken into organic combination (ATP) to the O consumed]. 


into the directly utilizable form is 66 percent, a very 
high figure compared with energy transfers effected 
by man—for example, from heat energy to electrical 
energy. The rest is lost as heat. The heat produced 
is an important consideration when plant products 
are stored or shipped under refrigeration. For ex¬ 
ample, simply to maintain a ton of apples at 32°F, 
almost six tons of ice are needed per day to take 
care of the heat released by respiration. 

We have not said much about the hydrogen car¬ 
riers in the cell except for the pyridine nucleotides 
(DPN and TPN). There is another group of hy¬ 
drogen carriers; these are called the flavoproteins. 
Tied to the protein enzyme of these hydrogen car¬ 
riers, as a prosthetic group, is flavin adenine mononu¬ 
cleotide or flavin adenine dinucleotide. Such com¬ 
pounds contain as part of their structure the vitamin 


riboflavin, which is the part of the molecule that can 
be oxidized or reduced. 

The final group of hydrogen carriers to be con¬ 
sidered here are the cytochromes. These are pigments 
whose basic structure, like that of chlorophyll, is a 
porphyrin group. They contain an iron atom that can 
be reversibly oxidized and reduced. Like the flavo¬ 
proteins, the cytochromes are prosthetic groups on 
proteins but can be separated for study. Several dif¬ 
ferent cytochromes are known and are indicated by 
the letters a, b, c, etc. In #36 they are represented 
»imply as Cyt., Fe+ + . This diagram represents in 
greater detail the hydrogen-transfer sequences 
Shown in #31 and #33 and summarized in Table 

The initial substrate is represented in it by AH 2 - 

Reaction 1 (#36), in which a pair of hydrogen 
atoms is transferred di-ctly to cytochrome and 
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thence via cytochrome oxidase to molecular oxygen, 
is illustrated in reaction Q of #33. Here succinic 
acid is the initial substrate. Reaction 2 (#36), in 
which two hydrogens are transferred first to DPN 
and thence via a flavoprotein (diaphorase) to cyto¬ 
chrome and finally via cytochrome oxidase to molec¬ 
ular oxygen, is illustrated in several reactions in 
#33—for example, K, P, and S. An exactly com¬ 
parable sequence, but one in which TPN serves as 
the initial hydrogen acceptor, is seen in reaction N 
of #33. 

We indicated earlier that enzymes are distributed 
in a highly organized manner in the protoplast. One 
of the most striking evidences of this stems from 
the studies of the Krebs cycle and the hydrogen- 
transporting systems. The mitochondria centrifuged 
from a tissue homogenate contain all the enzymes 
for the complete oxidation of pyruvic acid to water 
and carbon dioxide. These mitochondria have a very 
definite and intricate morphological structure, which 
presumably underwrites the orderly sequence of re¬ 
actions of the Krebs cycle and of the transport of 
hydrogen to its union with oxygen. 

In Experiment 45-A, the bean extract prepared 


contains cytochrome oxidase. In the cell, this enzyme 
catalyzes the oxidation of reduced cytochrome c by 
molecular oxygen. In the experiment, advantage is 
taken of its ability to catalyze the reaction shown 
in #37, in which the two components of the Nadi 
reagent are oxidatively coupled to form the colored 
indophenol blue. This is a common method of esti¬ 
mating cytochrome oxidase activity. 

The two inhibitors, cyanide and azide, when ef¬ 
fective on cells and tissues, are usually indicative 
of the operation of the cytochrome system as the 
terminal oxidase. They are not completely specific 
for cytochrome oxidase, and definite identification is 
usually made with a more specific inhibitor or, as in 
Experiment 45-A, by direct observation of the ab¬ 
sorption bands of reduced cytochrome c. One can 
maintain cytochrome c in the reduced state simply 
by withholding oxygen, thus preventing its reoxida¬ 
tion. Upon introduction of oxygen, the cytochrome is 
oxidized. 

Although the cytochrome-cytochrome-oxidase sys¬ 
tem is the main pathway by which hydrogen atoms 
derived from metabolism react with molecular 
oxygen, other terminal oxidases are known. One such 
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is polyphenol oxidase (Exp 45-B), in which the 
prosthetic group is the metal copper, instead of iron 
as in the cytochromes and cytochrome oxidase. The 
result of polyphenol oxidase activity is most evident 
when tissues are wounded—for example, when 
potatoes are cut. The enzyme catalyzes the oxidation 
of phenols to quinones by molecular oxygen. The 
quinones then undergo further reactions resulting in 
the formation of characteristic brown pigments; hence 
the browning of cut potatoes. The generalized re¬ 
actions are shown in #38, in which R represents 
any one of a variety of radicals. 
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this enzyme preparation, which contains the 
active cytochrome oxidase as well as cytochrome 
c. Make the following additions to the test tubes: 

Tube 1. 1 ml of 0.4M sucrose solution. 

Tube 2. 1 ml of lO^M KCN (potassium 
cyanide). 

Tube 3. 1 ml of 10 _3 M NaN.-? (sodium azide). 
To each tube add 5 drops of each of the following 
components of the Nadi reagent: 1% alpha- 
naphthol in 95% ethyl alcohol, 1% aqueous solution 
of dimethyl-p-phenylenediamine HC1. Shake the 
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The action of polyphenol oxidase on the phenolic 
amino acid tyrosine is of special interest since it 
involves the oxidation of the amino acid to “dopa” 
quinone, which then undergoes further reactions and 
polymerizations to form the insoluble, dark melanin 
pigments (#39). Melanin accounts for most of the 
dark pigmentation of animals and the “ink” of squids 
and octopi, as well as the blackening associated with 
the wounding of plants. 

Experiment 45. Terminal Oxidases 

A. Cytochrome and Cytochrome Oxidase. 1. 
Prepare a fresh bean extract as directed in Exp 
44. To each of 3 small test tubes add 3.0 ml of 


tubes thoroughly, and allow to stand at room 
temperature. Record any color changes that 
occur during the next half hour. 

2. Using the spectroscope (Fig. 30), observe 
the demonstration of the absorption bands of the 
reduced cytochrome c in a 10^M solution of 
cytochrome c in a test tube. Make a diagram. 

B. Polyphenol Oxidase. Peel a potato, cut 
into thin slices, rapidly drop into a mortar with 
about 50 ml of 95% alcohol, and grind up. Pour 
off the alcohol, add about 10 ml of fresh alcohol, 
grind, and pour off. Repeat until all organic sub¬ 
strates of the enzyme have been removed and f 
only a colorless powder remains. Stir up the 
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figure 30 Schematic diagram of a spectro¬ 
scope. White light, entering through the 
slit, is made parallel by the collimating 
lens. On passing through the prism, the 
white light is separated into its compo¬ 
nent colors (wavelengths), which are 
then observed as a spectrum through the 
telescope. When an absorbing material is 
placed in the light path, the absorbed 
wavelengths appear to the observer as 
black bands in the spectrum. 


residue in 40 nil of distilled water, allow to stand 
for a few minutes, and then centrifuge at 500 X g 
for 5 min. 

Carry out each of the following tests in dupli¬ 
cate, using about 2 ml of the extract for each 
tube. Add a few drops of 0.1M KCN to one tube 
in each test. 

1. Add 2 ml of 1% aqueous solution of catechol. 
Shake well. Note the browning due to secondary 
oxidations of the quinone formed. Gently add 
0.5 ml of 2% alcoholic solution of gum guaiacum. 
The quinone turns this blue. The color can be 
observed at the interface. 

2. Add 5 ml of a suspension of tyrosine, and 
shake well. Observe the color changes, through 
the pink-colored pigments, to the gradual forma¬ 
tion of melanin. The complete change may re¬ 
quire a number of hours. 


The study in vitro of certain oxidases obtained 
from tissues results in the formation of hydrogen 
peroxide, H 2 0 2 . There is no evidence, however, that 
hydrogen peroxide ever accumulates in tissues as a 
result of respiratory activity. It is generally con¬ 
cluded, since hydrogen peroxide is a powerful 
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inhibitor of many enzymes, that tissues must contain 
enzymes that catalyze its destruction. Some credence 
is lent to this concept by the widespread occurrence 
of the enzyme catalase, which catalyzes the decom¬ 
position of hydrogen peroxide to water and oxygen. 
Recent research suggests that this enzyme may have 
other functions in cellular metabolism, but what 
these are remains for future investigations to deter¬ 
mine. 

The enzyme is very active and easily extracted, 
and the reaction catalyzed is readily measured. For 
these reasons it is used in Experiment 46 to show the 
effect of pH on enzymatic activity. 

catalase 

2H-Oo-*- 2HoO + Oo 

Experiment 46. The Effect of pH on Catalase 
Activity 

Prepare the gas-collecting apparatus according 
to the demonstration model (Fig. 31). To 10 
clean large test tubes add 10 ml portions of buffer 


figure 31 Apparatus for collecting the oxy¬ 
gen released from hydrogen peroxide by 
the activity of catalase. 

Oni-holed rubber <rtopper 
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solutions at pH 3.6, 4.2, 4.8, 5.4, 6.0, 6.6, 7.2, 7.8, 
8.4, 9.0. (For pH 3.6-7.8 use Mcllvaine buffer; for 
pH 8.4 and 9.0 use borate buffer.) Into each large 
test tube carefully slide, without spilling, a test 
tube of 12 mm diameter containing exactly 5 ml 
of 3% H 2 O 2 . Label each large test tube. 

Grind to a pulp in a mortar 10 young bean 
leaves from seedlings 2-3 weeks old that have 
each a single pair of leaves. Add 40 ml of distilled 
water, and stir the suspension; then allow it to 
settle. Decant the liquid, free of leaf fragments, 
into a small beaker. Immediately pipette 1 ml of 
the enzyme solution into each of the buffer 
solutions. 

The enzyme activity at each pH will be tested 
in the following way: Prepare to collect the gas 
evolved by putting the cork with its outlet tube 
into the large test tube. Fill the 10 ml graduated 
cylinder with water, and place it over the outlet 
nozzle in the water bath by holding the thumb 
over its mouth and inverting. The apparatus is 
now ready for the determination. At zero time, 
tip the test tubes so that the H 2 O 2 solution and 
the enzyme-buffer solution are thoroughly mixed. 
Return the large tube to the vertical, and con¬ 
tinually agitate it by a gentle circular motion, 
holding it just below the stopper to avoid heating 
it. At a set time after the tube is tipped, remove 
the graduated cylinder from the gas outlet nozzle, 
bring the water level in the cylinder to that in 
the water bath, and determine the volume of the 
collected gas. 

In order to determine the length of time for 
collecting the gas, first make a trial run with 
the enzyme in the buffer solution at pH 7.2 and 
thereby estimate the activity of the enzyme. 
Select a convenient period—e.g., 5 min—that is 
just sufficient to fill the 10 ml cylinder. Make all 
subsequent runs at the different pH’s for this 
period. 

Repeat the procedure at each pH, carrying out 
the measurements as accurately as possible. 
(This experiment may be done profitably as a 
cooperative class experiment in which each 
student prepares one buffer solution. A common 
enzyme preparation may be used and the runs 
carried out simultaneously.) 

.. 

It is appropriate to ask what happens to an 
organism if it is deprived of oxygen that is, is 
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placed under anaerobic conditions. One answer to 
this question is provided in the next experiment. A 
lower plant, yeast, evolves carbon dioxide in the 
absence of oxygen. As a matter of fact, yeast will 
continue to grow under anaerobic conditions and 
will multiply and develop. Even in the presence of 
oxygen and while consuming glucose, yeast evolves 
much more carbon dioxide than it absorbs oxygen. 
Among the microorganisms there are extreme types 
that not only do not require oxygen but are injured 
by it. At the opposite extreme are organisms such as 
man, which cannot survive more than a few minutes 
without oxygen. Higher plants, in general, can with¬ 
stand anaerobic conditions for a day or even several 
days before they show injury. Some structures, 
however, such as certain fleshy fruits and oxygen- 
impermeable seeds, are uninjured by weeks or 
months of anaerobic conditions. 

Obviously, without oxygen the metabolic degrada¬ 
tion of glucose cannot go completely to carbon 
dioxide and water. Instead, the end products are 
usually carbon dioxide and an organic substance, 
the nature of which depends on the particular 
organism. Such incomplete oxidations of glucose are 
called fermentations. In yeast and in many higher 
plant tissues subjected to anaerobic conditions, the 
organic end product is ethyl alcohol. The fermen¬ 
tation is therefore called alcoholic fermentation and 
is described by the following over-all equation: 

C 6 H 12 0 6 -► 2C0 2 + 2C 2 H 5 OH -f- 50,000 cal 

glucose ethyl alcohol 

In alcoholic fermentation, glucose follows the 
pathway described for aerobic respiration down to 
pyruvic acid (#31, p. 104). At this point, pyruvic 
acid, instead of being oxidized in the Krebs cycle, 
is decarboxylated to form acetaldehyde. The latter is 
then reduced by the reduced DPN formed in step F 
of #31. This regeneration of DPN allows the produc¬ 
tion of pyruvic acid to continue and ethyl alcohol 
to be formed. 

Reference to the glycolytic scheme (#31) and to 
the reactions presented in #40 will show that in 
alcoholic fermentation only two net ATP molecules 
are produced. These contain together about 24,000 
calories. Another 26,000 calories are lost as heat, and 
the rest of the original 691,000 calories in glucose is 
still locked up in the alcohol. Thus, per mole of glu¬ 
cose, the cell obtains much less usable free energy 
by alcoholic fermentation than by aerobic respiration. 

The fermentative activity of yeast has widesprea 
industrial applications not only in the manufacture 
of alcoholic beverages but in the production of ethyl 
alcohol. The sources of carbohydrate for industrial 
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alcoholic fermentations are various starches, usually 
corn in the United States, ami the molasses from 
sugar (sucrose) refining. When corn is used, the 
embryo is first removed from the seed and the corn 
then ground and cooked to a mash. To this is added 
either sprouted barley (malt) or a fungus such as 
Aspergillus oryzae to supply the diastase complex 
of enzymes to hydrolyze the starch to maltose. The 
resultant solution is called the wort. This is cooled, 
diluted with water, and seeded with yeast, which 
first hydrolyzes the maltose to glucose and then 
ferments the glucose to carbon dioxide and alcohol. 
Different organisms are needed to produce the wort 
because yeast does not form the starch-hydrolyzing 
enzymes. The energy lost as heat is sufficient to 
require cooling during the fermentation. The alcohol 
is obtained by distillation. 

During the First World War, because of a shortage 
of glycerol, yeast fermentation was used to obtain 


this product. Bisulfite was added to the fermenting 
mixture. The bisulfite combined with acetaldehyde, 
which normally is the hydrogen acceptor for the 
reoxidation of reduced DPN (#40). The DPNH 
then reduced phosphodihydroxyacetone instead 
(#31, step E) to form phosphoglycerol. The phos¬ 
phate was hydrolyzed by phosphatase, yielding glyc¬ 
erol. In this modified fermentation, shown in #41, 


Citric acid is obtained when the mold Aspergillus 
niger ferments molasses or starch at pH 3.5. This 
acid, used in large quantities in soft drinks, is also 
extracted from citrus fruits. Acetic acid is the chief 
component of vinegar. This condiment anil pre¬ 
servative is made by seeding fermented fruit juices 
and malt with a species of Acetobacter. These bac¬ 
teria then convert the ethyl alcohol to acetic acid by 
oxidation: 

CH 3 CH 2 OH + 0_> -► CICCOOH + H,0 

ethvl alcohol acetic acid 

Although this reaction is aerobic, it is often called 
acetic acid fermentation because of the organic end 
product. 

Experiment 47. Alcoholic Fermentation by Yeast 

Grind one-half cake of yeast in approximately 
25 ml of 10% glucose solution in a mortar, and 
then dilute with 10% glucose to approximately 100 
ml. Fill 2 fermentation tubes with the yeast sus¬ 
pension, and invert to fill the vertical tubular arm 
of the tube. The suspension should fill the bulb 
about half full (Fig. 32). Put 1 tube in the 30°C 
oven for 90 min and the other in your locker. At 
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only one glycerol is obtained from each sugar 
molecule. Normally, the fermentative production of 
glycerol cannot compete with its manufacture as a 
by-product of the saponification of fats in soap manu¬ 
facture. 

We can only mention here other fermentations 
used in the production of commercial chemicals. 


the end of the 90 min incubation period observe 
the gas formed in the upper part of the fer¬ 
mentation tube. By means of a pipette, add 2 ml 
of 10% KOH to the liquid in the upper part of the 
incubated tube. Observe what happens to the gas. 

At the next laboratory period, filter enough of 
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the suspension to obtain 5 ml of clear solution. To 
this add 0.5 ml of 10% KOH and enough drops 
of I 2 KI solution to give the solution a yellow 
color. Warm gently. You should be able to smell 


iodoform. Examine the solution under the micro¬ 
scope for iodoform crystals. Iodoform is Cltl 3 
and is formed here from ethyl alcohol. 

Until recently the pathway of aerobic respiration 
outlined in #31 and #33 was generally accepted 
as the respiratory mechanism in all aerobic organ¬ 
isms. Although there is no doubt that it is the 
principal pathway, there is now evidence of an 
alternative pathway in many plant and animal tissues. 
In general, this alternative pathway handles only a 
small part of the glucose respired. Its chief signif¬ 
icance for us, at present, is that-it results in the 
formation of the pentose sugars we earlier saw to be 
important in cell-wall structure, in certain coenzymes, 
and in the nucleic acids. 

The initial steps involve an oxidation of glucose- 
6-phosphate, in which TPN is the hydrogen acceptor, 
and a decarboxylation in which carbon 1 is lost as 
carbon dioxide. The product is the five-carbon com¬ 
pound ribulose-5-phosphate. The existence of these 
steps is well established. Enzymes that catalyze 
reactions resulting in the various pentoses discussed 
in an earlier part of metabolism have been extracted 


A PATHWAY OF PENTOSE METABOLISM 


Arabinose 

ATP 
ABP 

Arab Inose ~5“ phosphate 



Xyl ose - 5 - phosphate 

^ ADP 


1 

Xylose 


ATP 


Deoxyribose -5- phosphate 



Deoxyribose - 1 - phosphate 


Incorporation in adenosine, 
pyridine nucleotides, and 
nucleic acids. 



Glucose 


r 


( 


ATP 


ADP 

Glucose-6 _ phosphate 

l f TPN * 
| V V TPNH 

CH,OH 

1 * 

c = 0 

H COH 


Ribosc 



H* 



/ ATP 




ADP 


C0 2 


H C OH 


H z C-0-® 

Ribulose-5- phosphate 



2-carbon compound 




H x / 0H 

C-1 

HCOH ' 

' O 

HCOH 


HC 


h 2 c-o-® 

Ribose-5-phosphate 



3 - 


phosphog-lyceraldehyde 

X 

X 

X 

Pyruvic acid 

l 

H.O + C0 2 




117 


NITROGEN AND LIPID METABOLISM 

from one or another organism or tissue. Although 
many details are still being worked out, present 
evidence indicates that the ribulose-5-phosphate is 
metabolized to arabinose, xylose, ribose, and de- 
oxyribose as indicated in #42, and, further, that 
ribulose-5-phosphate reacts with ribose-5-phosphate 
to form 3 -phosphoglyceraldehyde and a seven-carbon 
sugar, sedoheptulose-7-phosphate. The 3-phospho- 
glyceraldehyde is an intermediate in glycolysis ( #31, 
step D), and thus the two pathways are linked. 

D. Nitrogen and Lipid Metabolism 

Nitrogen 

The carbohydrates manufactured during photo¬ 
synthesis provide growing plants—and, indirectly, all 
living organisms—with the matter and energy 
whereby they are able to develop and maintain them¬ 
selves. The distinctive structure and activity of 
living protoplasm reside, however, not in carbohy¬ 
drates, but in nitrogen-containing compounds, par¬ 
ticularly the jiroteins and the nucleic acids. The 
element nitrogen makes up from 1 to 5 percent of 
the dry weight of plant tissues and occurs mainly in 
the form of proteins. Proteins themselves are about 
16 percent nitrogen, the rest being carbon, hydrogen, 
oxygen, and a small amount of sulfur. All enzymes 
are proteins, at least in part; the proteins of the 
protoplasm thus represent, to a large extent, the 
machinery of metabolism and control the charac¬ 
teristic morphology and physiology of the developing 
organism. The study of nitrogen metabolism is force¬ 
fully impressed upon us, too, by the increasing 
significance of another important group of nitrogen- 
containing compounds, the nucleic acids. These com¬ 
pounds contain only a small portion of the total 
nitrogen of the plant, but they are dominant com¬ 
ponents of the chromosomes, and they occur as well 
in the cytoplasm of the cell. They are clearly in¬ 
volved in heredity and genetic mechanisms, and they 
thereby determine, directly or indirectly, the nature 
of individual cells and organisms. 

These very large, complex, and extremely im¬ 
portant molecules, the proteins and nucleic acids, 
are the major repositories of nitrogen in the living 
plant. It is for this reason that nitrogen metabolism 
is a subject of vital importance to the understanding 
of the physiology of living organisms. 

As we shall see, the ultimate source of nitrogen for 
the higher plant is the vast reservoir of gaseous 
nitrogen in the atmosphere. For most plants, how¬ 
ever, the immediate source of elemental nitrogen is 
the inorganic nitrate ion (NO a -) that enters the 


plant by way of the roots from the soil. Unlike 
the other mineral elements used by the plant, 
nitrogen does not occur in significant quantities in the 
parent rock from which soils are made. What, then, 
is the source of the nitrate absorbed by plants? 

In nature, the usual source is dead plants and 
animals. Microorganisms of all sorts, chiefly fungi 
and bacteria, secrete enzymes that catalyze the 
destruction of the organic molecules of dead organ- 

l « * 1 - - 


rr' 1 _ _ 


A 


carbon dioxide, the hydrogen is oxidized to water, 
and the nitrogen is released as ammonia gas (NH a ). 
This decomposition of organic materials is called 
decay. The organisms responsible for decay obtain 
their nutrients from the chemical intermediates pro¬ 


duced during the process. 

Ammonia does not remain long in the soil. The 
molecule is highly reduced and hence contains a 
considerable amount of energy. The course of evo¬ 
lution has evolved microorganisms that make use of 
almost every possible source of energy occurring in 
substances. Most soils contain two groups of bacteria, 
Nitrosomonas and Nitrobactcr, which, respectively, 
oxidize ammonia to nitrite and nitrite to nitrate. 


Nitrosomonas: 

NH 4 + + 1.5 0 2 —>- N0 2 - + 2H+ + H 2 0 

4- about 75,000 cal 

Nitrobactcr: 

NOr + 0.5 0 2 —»- NO a - + about 20,000 cal 

Of the energy made available by the oxidations, the 
organisms capture from 6 to 8 percent; the rest is 
mostly lost as heat. 

These bacteria, although nonphotosynthetic, are 
autotrophic; that is, they require no external supply 
of organic substances for growth. The energy derived 
from the oxidation of ammonia or nitrite is used to 
synthesize cells from carbon dioxide and water. This 
is called chemosynthesis in contrast to photosyn¬ 
thesis, where the source of energy is the sun. 

The action of these soil microorganisms is the 
subject of Experiment 4S. Their presence in soils 
accounts for the fact that most of the soil nitrogen 
exists as nitrate. Under very acid conditions, as in 
bogs, ammonia oxidation is inhibited, and ammonia 
persists in the soil. Plants growing in such soil absorb 
the nitrogen in its reduced form. 

The nitrogen content of soils, particularly of agri¬ 
cultural soils, would be rapidly exhausted if the 
nitrogen supply were only from the decay of plants 
(and of animals eating the plants). This is because 
there is a continuous permanent loss of nitrogen 
from the soil. This loss is due to a number of differ¬ 
ent factors acting in the same direction. First, the 
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nitrate ion does not enter into the base exchange 
system of the soil, but exists only in the soil solution. 
Nitrate is therefore readily leached. Second, the 
removal of crops permanently takes away the nitro¬ 
gen contained in the crops. It is estimated that, when 
an average crop is grown on a fertile soil with little 
or no leaching, about seventy pounds of nitrogen 
per acre per year are permanently lost from the soil. 
Third, certain bacteria carry out a chemical process, 
called denitrification, that converts nitrate to nitrogen 
gas (No), which passes off into the atmosphere. 

These losses are balanced, in part, by the process of 
nitrogen fixation, performed principally by bacteria. 
Members of the genus Azotobacter live free in the 
soil and in the presence of oxygen convert gaseous 
nitrogen into organic nitrogen in their bodies. Mem¬ 
bers of the genus Clostridium also live free in the 
soil and also fix nitrogen; these bacteria, however, are 
anaerobic and, unlike Azotobacter , secrete part of 
the fixed nitrogen directly into the soil in the form of 
ammonia and simple organic nitrogen-containing sub¬ 
stances. These free-living soil bacteria add about 
twenty-five pounds of nitrogen per acre per year to 
most agricultural soils. 

The full deficiency of nitrogen in the soil can be 
made up by the growing and plowing under of a 
leguminous crop such as alfalfa or clover. Bacteria 
of the genus Rhizobium enter the roots of such 
legumes, form root nodules, and establish a symbiotic 
relationship with the plants. While they are within 
these nodules, they are capable of fixing atmospheric 
nitrogen, which they incorporate into organic form. 
In one year an alfalfa crop can add to the soil by 
symbiotic nitrogen fixation enough nitrogen to com¬ 
pensate for the losses of two or three years of crop¬ 
ping of nonleguminous plants. Modem agriculture 
makes use of both the nitrogen fixation of the free- 
living bacteria and that of the symbiotic bacteria, 
as reflected in the two practices of leaving fields 
fallow and alternating leguminous crops with non¬ 
leguminous crops. If neither of these practices is 
followed, nitrogen-containing chemical fertilizers 
must be added to the soil to compensate for the usual 
loss of nitrogen. 

Direct fertilization is usually accomplished by 
adding manure or ammonium salts, such as ammo¬ 
nium sulfate. In recent years, cities have collected 
their sewage instead of letting it flow into the 
streams and oceans. The sewage is treated, dried, 
pulverized, and sold as fertilizer with a high organic- 
nitrogen content. Where large-scale irrigation is 
practiced, ammonia may be dissolved in the irriga¬ 
tion water. More recently, dry or anhydrous ammonia 


gas has been injected directly into the soil. A still 
more recent innovation in nitrogen fertilization is 
the direct application of nitrogen-containing sprays 
to foliage. The most promising use of foliar nitrogen 
application has been with the simple organic com¬ 
pound urea. The efficacy of this method has already 
been tested by you as part of Experiment 19. 

For scientific reasons, but also because of its enor¬ 
mous practical significance, numerous investigators 
have tried, thus far with only partial success, to 
learn the biochemical steps of nitrogen fixation. 
About all that is well established is that the nitrogen 
of the atmosphere is converted by unknown steps 
and enzymes to the reduced form, ammonia (NH 3 ), 
which is then incorporated into the proteins of the 
bacteria via amino acids. Subsequently, this nitrogen 
is added to the soil by decay of the bacteria. 

Experiment 48. Nitrification by Soil Microor¬ 
ganisms 

Pour some freshly moistened sandy loam soil 
into a glass column to about 2" from the top, 
and tap to distribute the smaller particles among 
the larger. A little glass wool at the base of the 
column will keep the soil in place. Support the 
column in a vertical position (Fig. 33). Slowly 
pour in 50 ml of a 0.2% ammonium sulfate 
[(NH-O-SCh] solution. Recover any leachate, and 
test for ammonia, nitrite, and nitrate, as directed 
below. Continue adding 50 ml portions of the 
ammonium solution until no signs of nitrite or 
nitrate are obtained. 

Cover the glass cylinder with a beaker. Add 
distilled water as necessary, during each period, 
to keep the soil column moist. One week later, 
add distilled water to the column of soil until 
water can be collected at the outlet at the 
bottom. Collect a few ml, and make the tests 
below. 

Bring together in a spot plate a drop of the 
solution to be tested and a drop of the reagent. 

1. Test for ammonia: A yellow-to-orange color 
with Nessler’s reagent is a positive result. 

2. Test for nitrite: A red color with sulfanilic 
acid reagent after several minutes is a positive 

result. 

3. Test for nitrate: A blue color with diphen- 
ylamine sulfate reagent at the interface of two 
drops is a positive result. 
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figure 33 Apparatus for the study of nitri¬ 
fication by soil microorganisms. 


We have already indicated that most of the nitro¬ 
gen present in a plant is in the proteins, occurring as 
the highly reduced amino group (-NHj). Since 
nitrate, a highly oxidized form of nitrogen, is a plant’s 
usual source of nitrogen from the soil, it must under¬ 
go reduction within the plant before its incorporation 
into the proteins of the plant body. It is known that 
nitrate reduction is an enzymatic process. Just how 


many steps are involved is not known but nitrite 
(NO) appears to be an intermediate between ni¬ 
trate" and the final reduction product, which is 
generally conceded to be ammonia. The sequence ot 
steps may be summarized as follows: 

N 0 3 - —NO;- —>- —^ NH 3 —*--NH 2 

nitrate nitrite ammonia amino group 

Each step is a reduction that requires the expendi¬ 
ture of energy. The hydrogen and the associated 
energy required for these reductions come from 
aerobic respiration. 

Plants growing under optimum conditions seldom 
contain more than small quantities of nitrate or 
ammonia; neither nitrate nor ammonia serves as a 
storage form of inorganic nitrogen in the plant. In 
fact, ammonia at low concentrations is injurious to 
most cells. Usually nitrate is rapidly reduced and 
immediately incorporated into amino acids and then 
into proteins. According to the plant species, nitrate 
can be reduced either in the root system, as has been 
shown in apple trees, or in the shoot system in the 
light, as in tomato or bean plants. Rapid nitrate re¬ 
duction is accompanied by rapid utilization of car¬ 
bohydrates and increased respiration. When ade¬ 
quate supplies of carbohydrate are unavailable in the 
plant to provide for the reduction of nitrate, large 
concentrations of the inorganic nitrate may build up, 
principally in the roots but also in the stems and 
leaves. 

An enzyme that catalyzes the reduction of nitrate 
to nitrite has been isolated from a number of higher 
plants. This enzyme, nitrate reductase, is a flavopro- 
tein whose activity depends upon the metal constitu¬ 
ent, molybdenum. It catalyzes the reduction of ni¬ 
trate by reduced TPN according to the following 
reaction: 


nitrate 

reductase 

NO*- + TPNH + H +-» NOo- + TPN+ + H^O 

nitrate reduced nitrite oxidized 

TPN TPN 


There is evidence that this same enzyme mav be ac- 

• • 

tive in catalyzing the further reduction of nitrite. 

Because of the importance of available carbohy¬ 
drates for nitrate reduction and for the synthesis of 
organic nitrogen compounds within a plant, the 
effectiveness of nitrogen fertilization depends heavily 
upon the environmental conditions that control or 
limit the carbohydrate levels within the plant. The 
ratio of carbohydrate compounds to nitrogen-con- 
' taining organic compounds determines the nature of 
the vegetative growth of plants as well as their fruit- 




120 


[ Exp 49] 

fulness. There has therefore been considerable inter¬ 
est in the carbon/nitrogen ratio of growing crop plants 
and in nitrogen-fertilizing practices based on changes 
in this ratio. Excessive production of organic nitrog¬ 
enous compounds at the expense of carbohydrates 
in a plant, a condition commonly associated with 
high nitrogen fertilization, usually results in luxuriant 
vegetative growth and low fruitfulness. “High-carbo¬ 
hydrate” plants, which produce proportionately much 
less proteinaceous materials in the tissues, are, on the 
other hand, stiff and woody, with a compact vegeta¬ 
tive body and extensive mechanical tissues. Inter¬ 
mediate conditions, in which a well-balanced ratio 
between carbohydrate and organic nitrogen com¬ 
pounds exists within a plant, give rise to good vege¬ 
tative development and abundant flowering and fruit 
formation. Nitrogen fertilizing procedures are de¬ 
signed to meet these optimum conditions for plant 
production. 

Experiment 49. Nitrogen Supply to the Plant 

Remove three 4" tomato seedlings from the 
sand in the flats provided, carefully rinse off 
the roots in distilled water, and transplant each 
plant to washed quartz sand in a 4" pot. Water 
the plants thoroughly with ^-strength Hoagland 
solution lacking nitrogen. Place the pots in the 
greenhouse, and water regularly with the minus- 
nitrogen solution. 

After several weeks the plants will have the 
characteristic appearance of “high-carbohydrate” 
plants: stiff stems, small yellowing leaves, 
stunting. 
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Using a razor blade, cut thin sections from 
the petiole of a young, fully expanded leaf. 
Mount the sections on a slide, and add a few 
drops of diphenylamine sulfate reagent. A blue 
color indicates the presence of nitrate. If the test 
is positive, continue to grow the tomato plants 
until this test indicates the absence of nitrate in 
the leaf petioles. 

Add 50 ml of 0.01 M Ca(N 03)2 solution around 
the base of plant 1. Continue plant 2 on a minus- 
nitrogen nutrient medium. Add 50 ml of 0.01M 
(NH^SCh solution to the soil surrounding the 
roots of plant 3. 

Forty-eight hr later, and again at the end 
of 7 days, repeat the leaf petiole section tests for 
nitrate on all three plants, using the diphen¬ 
ylamine sulfate reagent. Also test sections for 
protein, using Millon’s reagent. Observe any 
changes in the appearance of the three plants. 

If proteins are heated in alkaline or acid solution or 
incubated with enzymes called proteases, they are 
hydrolyzed into their constituent building blocks, the 
amino acids. About twenty-five different amino acids 
occur in proteins; but not every protein contains all 
of them, and the proportion of each amino acid in 
different proteins varies greatly. Amino acids are 
small molecules with molecular weights in the range 
from 100 to 200, whereas proteins are enormous mole¬ 
cules with molecular weights ranging from 13,000 to 
10,000,000. Thus each amino acid occurs many times 
in a protein. Your text lists the common amino acids 
and gives their formulas. 


C V CH ’ 

CHj 

H.N-C-COOH 

1 i 

H 

Leucine 


H,C-CH 2 

I I 

H,C KC-COOH 
1ST 
I 

H 

Proline 


Hj C— SH 
H 2 N- C-COOH 

2 i 

H 

Cysteine 



OH 

H-C ^C-H 

I II 
CM, 

} N-C-COOH 
« 

H 

T\ cosine 


H 

H-C-NH, 

i A 

COOH 



H 

C-COOH 

NHj 


G ly ci ne 


TryptopKan 




NITIUM.IN AND LIPID MKTAIUJLISM 


O 


H 

i 

, c ^ 

H-C* C — C ,OH 

i ii x 

h '<XX-V oh 

I 

H 


R 

+ NH r C-COOH 

2 i 

H 


O 


Ninhydrin 


[ lv\p 50 ] 


121 


H-i c- c ;^° H 

C o 

H 



+ RCHO + NHj + CO z 


Amino acid Reduction product of ninhydrin 


The amino acids shown in #43 happen to he in¬ 
volved in the subsequent experiments. Each of these, 
as well as those not illustrated, has a terminal car¬ 
boxyl group (-COOH). The second carbon atom 
(a-carbon), to which this carboxyl is attached, also 
bears an amino group (-NH 2 )—except in proline 
and hydroxyproline, which have an imino group 
(-NH). It is the carboxyl and the a-amino group that 
characterize a compound as an amino acid. The dif¬ 
ferences between amino acids are in the part of the 
molecule beyond the a-carbon atom. Certain amino 
ac ids—for example, cysteine (#43)—contain the 
element sulfur. Some amino acids are phenolic corn- 


end of the paper is next dipped in a solvent, the sol¬ 
vent moves up the paper by capillarity. The amino 
acids dissolve in the solvent, and each is carried 
upward at a rate depending on its solubility. After 
the solvent has moved most of the way up the paper, 
the paper is removed from the solvent, dried, and 
sprayed with a solution of ninhydrin. Each amino 
acid will occupy a characteristic spot on the dried 
paper. Most amino acids are oxidatively deaminated 
by the ninhydrin treatment as shown in #44. The 
ammonia and the reduction product of ninhydrin re¬ 
act to give the colored reaction product shown in 
#45, which appears on the paper as a discrete 
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pounds; that is, they contain a benzene ring with an 
attached hydroxyl group—as, for example, tyrosine. 
Other amino acids contain an additional carboxyl 
group, and still others are simple straight or branched 
carbon chains of different lengths. All have in com¬ 
mon the terminal carboxyl group and an a-amino 
group. Closely related to the amino acids are two 
amides, glutamine and asparagine, which will be dis¬ 
cussed later. 

The detection of amino acids released by protein 
hydrolysis or occurring free in plant or animal tis¬ 
sues was greatly advanced in 1941 with the introduc¬ 
tion of the technique of paper chromatography. Ex¬ 
periment 50 will introduce you to the method as it 
is used to identify amino acids and amides. The same 
basic procedure has been adapted for the detection 
of a great many different kinds of compounds, such 
as sugars and organic acids. 

You will note that the first step in the method 
consists in placing a small drop of a solution of 
amino acids on a piece of filter paper and then allow¬ 
ing the drop to dry. The amount of amino acids 
needed per drop is only about 0.01 mg. When one 


colored spot. By comparing the color and location of 
the spots produced by a scries of known amino acids, 
one can identify amino acids in the protein hydroly¬ 
sates of plant extracts. Further procedures make 
quantitative estimation of these compounds possible. 


Experiment 50. Paper Chromatography 
of Amino Acids 

Obtain a piece of filter paper 61" X 8£". At all 
times handle the paper by the edges only. Draw 
a pencil line across a short side of the paper 3/4" 
from the edge (Fig. 34-C), and let this side be the 
bottom. Beginning 11" from the left-hand edge, 
make 5 marks 1" apart, numbered from 1 to 5 
along the pencil line. With the glass rods pro¬ 
vided for the solutions, apply a drop of a solu¬ 
tion containing asparagine, leucine, and proline 
to mark 1, a drop of a solution of asparagine to 
mark 2, of leucine to mark 3, of proline to mark 
4, and of an unknown to mark 5. Allow the drops 
to dry. Now staple the long edges of the paper 
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together, forming a cylinder. Make sure there is 
a space between the edges of the paper —i.e., 
that the edges do not touch at any point (Fig. 
34-A). 

In the hood, put 40 ml of a solution of butanol, 
glacial acetic acid, and water (4:1:1) into the 
bottom of a quart Mason jar, and stand the cyl¬ 
inder of paper in the jar (Fig. 34-B). Handle the 
solution with care; it will burn you and your 
clothing. Screw on the metal lid. Place the jar in 
your locker for two hours. At the end of two 
hours, move the jar to the hood, remove the pa¬ 
per from the jar, cut the staples, and hang the 
paper in the hood to dry until the next laboratory 
period. Use clips to hang the paper from the 
glass rods (Fig. 34-C). 

At the next laboratory period, spray (in the 
hood) the chromatogram uniformly with the nin- 
hydrin reagent. While it is still damp, lay the 
chromatogram in the oven at 80°C on pieces of 
clean paper toweling. Color development will 
take place in 5-10 min. Mark the limits of the 
amino acid and amide spots with a pencil, and 
record the color of each spot. The distance from 
the point of application of the solution to the spot 
is characteristic of each particular substance. By 
comparing the location of the three spots ob¬ 
tained in column 1 with the single spots in col¬ 
umns 2, 3, and 4, and by comparing the colors, 
name the three substances in column 1. Simi¬ 
larly, identify the unknown. 

In Experiment 49 we observed that the nitrate 
absorbed by roots is reduced to ammonia by hydro¬ 


gen supplied from the respiration of glucose or some 
other source of reduced coenzymes. In Experiment 
50 we analyzed for some of the amino acids in wliich 
the ammonia appears as a-amino groups. Exactly 
how a plant synthesizes all the different amino acids 
found in proteins is not yet completely known. The 
evidence suggests that the principal pathway for the 
incorporation of ammonia into organic form involves 
the animation of a-ketoglutaric acid, one of the inter¬ 
mediates in the Krebs cycle (#33, p. 106). The re¬ 
action proceeds in two steps, of which the first is 
nonenzymatic—that is, spontaneous—and the second 
is enzymatic, as shown in #46. This process, termed 
reductive amination, requires reduced DPN, which, 
of course, may be derived from aerobic respiration, 
as is the substrate, a-ketoglutaric acid. The reaction is 
quite reversible and hence serves equally well for the 
return of the carbon skeleton (a-ketoglutaric acid) 
to the Krebs cycle with the release of ammonia. The 
reverse reaction can be termed an oxidative deamina¬ 
tion. 

How are the other amino acids produced? These 
appear to be synthesized, at least in part, by a group 
of reactions, known as transaminations, in which glu¬ 
tamic acid serves as the source of amino nitrogen. 
The enzymes, called transaminases, catalyze the 
transfer of the amino group from glutamic acid to 
an a-keto acid—for example, oxaloacetic acid or 
pyruvic acid, both of which are intermediates in the 
Krebs cycle. 

Transaminations may occur between any a-amino 
acid and an a-keto acid in which these two reactive 
groups exchange position. As illustrated in #47, an 
amino group can be transferred from alanine to 
a-ketoglutaric acid, the alanine thereby becoming 
pyruvic acid and the a-ketoglutaric acid becoming 
glutamic acid. The reaction is reversible, as indicated 
by the arrows. Similarly, the transfer of an amino 


Krebs cycle 


COOH 

CH, 

» 4 

►- CH, 

i 4 

c = o 

COOH 


NH 3 


OC “Ketogiutarlc acid 



COOH 
_ CH, 

- ^-H z 4- H^O 

C = NH 

COOH 

OC - lrninoglutaric acid 


COOH 

CH, 

i 4 

CH, 

C = NH 
COOH 


DPNH+H* 


DPN* 



Olutamic 

dehydrogenase 


OC-lminoglvitaric acid 


COOH 

CH, 


HCNHj 

COOH 

Glutamic acid 




124 


CELLULAR METABOLISM 


CH* 

c = o 

CO OH 


Pyruvic 

acid 


CH. 

HCNH 2 

COOH 


Alanine 


COOH 

CH, 

i 



i 

COOH 

CC - ketoglutarlc 
acid 


COOH 
CH 2 
c = o 

COOH 


Oxaloacetic 

acid 


COOH 

ct>, 

HCNHj 

COOH 


Aspartic 
aci d 



group from aspartic acid to a-ketoglutaric acid re¬ 
sults in the formation of glutamic acid and oxalo¬ 
acetic acid. Again the reaction is reversible. Glutamic 
acid and aspartic acid, active substrates for transami¬ 
nation, constitute the bulk of the free amino acids in 
many plant tissues. 

In these reactions, a-ketoglutaric acid may be re¬ 
generated and can then, by reductive animation, 
take up another ammonia molecule, which becomes 
available for further transaminations. In this way, 
amino groups can be incorporated into a variety of 
keto acids, with the formation of the corresponding 
amino acids. In addition to this general mechanism 
for synthesizing the amino acids, plant tissues have 
other reaction sequences whereby the more complex 
amino acids are synthesized. 

Amino acids, then, are synthesized indirectly from 
glucose, which provides the carbon skeleton as well 
as the energy for both the reduction of nitrate and 
the reductive amination of a-ketoglutaric acid to glu¬ 
tamic acid. Transaminations with other keto acids, 
intermediates in glucose degradation, give rise to 
many of the other amino acids. As a result, cells 
contain a metabolic pool of free amino acids, from 
which the proteins are synthesized. 

The detailed mechanism whereby hundreds of 
amino acids are joined together to form the proteins 
of protoplasm is in large part speculative. Whatever 

R, H O 

ch ^c-oh -- 

n c-:'oh y CH 

* II % -* > 

O 1*2 
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the mechanism, protein synthesis represents a con¬ 
densation of amino acids, which requires an expendi¬ 
ture of energy. The amino acids are joined by peptide 
bonds in which the linkage is from the a-amino group 
of one amino acid to the carboxyl group of the next 
(#48). Although, as we shall see later, certain en¬ 
zymes hydrolyze these peptide bonds, it is unlikely, 
for the same reasons that operated with respect to 
polysaccharide synthesis, that such bonds are syn¬ 
thesized by the reversal of the hydrolytic reaction. 
The formation of the peptide bond requires an in¬ 
put of energy via ATP. 

Clear evidence concerning the mechanism of pep- 
tide-bond synthesis in plant tissues has come from 
studies of the formation of simple peptides from 
constituent amino acids. An enzyme system associ¬ 
ated with mitochondria extracted from bean seedlings 
catalyzes the synthesis of the tripeptide glutathione 
(#49) from the constituent amino acids, glutamic 
acid, cysteine, and glycine. The synthesis requires 
ATP as a source of energy. Apparently the stepwise 
reaction involves first the condensation of glutamic 
acid with cysteine and then the further condensa¬ 
tion of glycine to form glutathione. Such a synthesis 
of peptide linkages, if continued condensations occur, 
would lead to long chains of amino acids. 

In plants a further enzyme system has been recog¬ 
nized, one that catalyzes the transfer of whole amino 
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acids from an existing peptide linkage to a new pep¬ 
tide linkage with an amino acid acceptor. The follow¬ 
ing reaction is an example: 

glutathione -f glycine —*- 
(tripeptide) 

y-glutamyl-glycine cysteinyl-glycine 
(dipeptide) (dipeptide) 

The enzyme is called y-glutamyl transpeptidase and 
is typical of a group of enzymes that catalyze similar 
transpeptidations. Here, the energy from AIT that 
has been tied up in the peptide bonds of glutathione 
is conserved in the formation of the new peptide 
linkage. 


\ Exp 51 ] 

Experiment 51. The Chemical Nature of Proteins 

The following tests are useful in the study of the 
chemical nature of proteins. They are to be used 
on each of the following: 10 ‘M tyrosine, 10 3 M 
tryptophan, 10 hM cysteine hydrochloride, 2% 
gelatin, bean-meal extract, and an unknown solu¬ 
tion. 

Make the bean-meal extract by shaking 5 g 
of bean meal with 50 ml of distilled water and 
allowing it to settle. Decant the supernatant, and 
carry out the tests on this extract. 

A. Biuret Test. To 3 ml of the solution to be 
tested in a test tube add 1 ml of 10M NaOH 


HOOC - CUCHiCH^CO -j-NHCHCO-fNHCH^COOH 


NH 


CH 

i 

SH 


Glutathione 

( ‘y-glutamyl - cysteinylglycine) 



Taken together, these two systems, one for peptide- 
bond synthesis requiring ATP, and the other for 
transfer of amino acids from one peptide linkage to 
1 another without change in energy, constitute a meta¬ 
bolic machinery whereby progressively larger peptide 
chains could be synthesized and, ultimately, large 
protein molecules could be formed. 

The physical properties of protoplasmic proteins 
were observed in Experiment 35. You will recall that 
they exist in the cell as a hydrophilic colloid, are 
readily denatured, cannot be dialyzed, and can be 
salted out. In Experiment 51 a number of common 
chemical tests for proteins are described. Each of 
these tests depends on the presence in the protein of 
specific chemical groups or radicals. To be certain 
that one is dealing with a protein, one must use sev¬ 
eral of the tests together, for any one protein may 
lack the particular amino acid tested for or the amino 
acid may not recur frequently in the polypeptide 
chain. 

It is clear that proteins contain a variety of build¬ 
ing blocks—that is, a number of different amino 
acids. Variation in the number of each kind of build¬ 
ing block and in the order in which the blocks are 
tied together in a molecule makes possible the large 
number of different proteins with their specific char¬ 
acteristic differences. The detailed mechanisms 
whereby variety in protein structure is achieved and 
f the constancy of a specific plant protein is maintained 
tlirough successive generations remain unknown. 


and 1 drop of a 1% solution of copper sulfate. The 
reaction, a purple color, is given by nearly all 
substances containing two carbamyl (-CONHj) 
groups joined directly or through another C or N 
atom. 

B. Miltons Test. To 3 ml of the solution to 
be tested add an equal volume of 10% mercuric 
sulfate in 10% sulfuric acid. Boil gently for 1 min. 
Cool under the tap, add 1 drop of 1% solution of 
sodium nitrite, and warm gently. The precipitate 
turns red by the formation of red mercury com¬ 
plexes of nitrophenol derivatives. The reaction is 
given by proteins containing compounds with a 
benzene ring with OH groups attached—e.g., 
tyrosine. 


si t r —- —■ v — »»»» v/i mu 

solution to be tested add 2 drops of a l-to-500 
dilution of commercial formalin (40%), followed 
by 2 drops of 10% mercuric sulfate in 10% sulfuric 
acid. Mix, and add 2 ml of concentrated IESOi. 
Mix. A deep purple color indicates the presence 
of the amino acid tryptophan. 

D. Nitroprtisside Test. To 2 ml of the solu¬ 
tion to be tested add 1.0 ml of 2% sodium 
nitroprusside [Na 2 Fe(CN) 5 NO] solution and then 

2 drops of 10N NaOH. The mixture will turn a 
deep pmple vi ° let color indicating the presence 

of sulfhydryl groups. 




126 


[ Exp 52] 

Just as the plant stores carbohydrate in the form 
of starch, so also does it store amino acids in the form 
of reserve—that is, nonprotoplasmic, nonenzymatic 
—proteins for future needs. Large amounts of reserve 
protein are stored in the embryo and endosperm of 
seeds; such protein may, in fact, constitute as much 
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the carboxyl group (-COO~ H+) and the amino 
group (—NH; 5 + OH“) respectively, so that neither 
the acid nor the base can be titrated independently. 
If formaldehyde is added to the solution of amino 
acids, it reacts with the amino groups, eliminating 
their basic characteristic (#50), and thus permits a 


R-CH-COO'H + 

isih 3 +oh~ 

Amino acid 


+ HCHO - 

Formaldehyde 


R-CH-COO'H+ 

H-N-CH 2 OH 

Methy lol 
derivative 



as 40 percent of the dry weight of the seed. The 
amino acids in these proteins are used by the germi¬ 
nating seed to synthesize the protoplasmic proteins in 
the new cells being produced. To serve this purpose, 
the reserve proteins must be degraded to their con¬ 
stituent amino acids, which are then translocated to 
the meristems to be reconstituted into protoplasmic 
proteins. The proportions of the amino acids in the 
reserve proteins are different from the proportions in 
the protoplasmic proteins. Consequently, there is 
probably considerable rearrangement by transamina¬ 
tions among the amino acids and by transpeptida- 
tions in the proteins. The degradation of the reserve 
proteins in the plant is catalyzed by proteolytic en¬ 
zymes. These are of two types: (1) the proteases, 
which hydrolyze proteins to amino acids; (2) the 
peptidases, which hydrolyze protein fragments— 
that is, polypeptides containing only one, two, or a 
few peptide bonds. The action and characteristics of 
one of the more extensively studied plant proteases 
can be observed in Experiment 52. 

The enzyme papain is obtained from the latex of 
the papaya plant (Carica papaya). It is one of the 
enzymes prepared and sold commercially for tender¬ 
izing meats by partially hydrolyzing the meat pro¬ 
teins. This protease and certain others, but not all, 
require activation by one of several reducing agents 
and can be inactivated by oxidizing agents. Accord¬ 
ing to one opinion (there are others), the activation 
consists in the conversion of disulfide groups in the 
inactive enzyme into sulfhydryl groups upon which 
the enzyme activity depends. 

HiS, etc. 

R-S-S-R =±: 2 R-S-H 

HiOj, etc. 

disulfide links sulfhydryl links 

in inactive papain in active papain 

In Experiment 52 the protein substrate is gelatin. 
Detection of the amino acids released by hydrolysis 
is accomplished by formol titration. When the amino 
acids are released, they exhibit virtually equal acidic 
and basic properties by virtue of the dissociation of 


quantitative titration of the acidic carboxyl groups 
with alkali. The amount of alkali required to neutral¬ 
ize the solution is used to calculate the amount of 
amino acids released by proteolysis. 

Experiment 52. The Effects of Oxidizing Agents, 
Reducing Agents, and Heat on the Activity of 
Papain 

Prepare a 5 % aqueous solution of papain, using 
the commercial powdered papain preparation. 
Shake the solution well, and then centrifuge for 
5 min at 500 X g. Prepare five 125 ml Erlenmeyer 
flasks numbered from 1 to 5, each containing 5 ml 
of phosphate buffer (pH 7.0) and 10 ml of 5% 
gelatin solution (kept liquid on the steam bath). 

To flask 1 add 5 ml of 0.001M Na^S, to flask 2 add 
5 ml of 0.01M H 2 O 2 , and to flasks 3, 4, and 5 add 
5 ml of distilled H 2 O. (Na 2 S decomposes readily 
and gives off H 2 S. It is very caustic and must be 
handled with care.) Place a test tube containing 
one 5 ml sample of the centrifuged enzyme in a 
boiling water bath for 5 min; then cool the tube. 

At the start of the experiment add the boiled 
enzyme to flask 5 and 5 ml of the centrifuged 
papain solution to each of the 4 remaining flasks. 
Incubate at 35°C for 90 min. In order to allow 
time after incubation for the titration, the initial 
additions of the papain solution to the flasks 
should be at 5 min intervals. Titrate flask 3 im¬ 
mediately, without incubation, in the following 
manner. 

To the flask add 5 ml of neutralized formalin, 

10 ml of distilled H 2 O, and a few drops of phenol- 
phthalein; mix thoroughly, and titrate with 0.1N 
NaOH to a faint pink end-point. At the end of 
exactly 90 min of incubation, titrate each of the 
other flasks in the same way. The amount of | 
NaOII needed to titrate the control (distilled 
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water unincubated) is subtracted from each 
value determined for the other flasks. Compare 
the results in the form of a chart. 

It was noted earlier that even low concentrations 
of ammonia are injurious to tissues. There are three 
principal conditions under which plants or plant 
parts form excessive amounts of ammonia in the tis¬ 
sues. First, if they are fed ammonium fertilizers, large 
amounts of ammonium ion are absorbed. Second, if 
seeds are germinated in the dark, the amino acids are 
deaminated; that is, the amino group is removed to 
form ammonia, and the carbon skeleton is respired in 
response to the starvation conditions imposed by the 
absence of light. Third, when leaves are excised and 
maintained in the dark, and after storage carbohy¬ 
drates have been exhausted, the protoplasmic pro¬ 
teins are hydrolyzed and the amino acids deaminated. 
In all three situations, at least in the early phases, 
ammonia is not observed to increase in concentration. 
Instead, usually, one of two substances known as 
amides appears in large quantities in the tissues. 
These amides, glutamine and asparagine, are, as 
shown in #51, chemically related to glutamic and 
aspartic acid, respectively. 
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treatment is continued, the amides themselves are 
eventually deaminated, and toxic quantities of am¬ 
monia appear in the tissues. 

The Nucleic Acids 

For the ultimate understanding of the physiology 
of plants (and animals), the metabolism of the 
nucleic acids is probably as important as that of the 
proteins. In protoplasm these acids are conjugated 
with proteins in the form of nucleoproteins. The nu¬ 
cleic acids, constituting, as they do, part of the 
chromosomal material of cells, are considered by 
many as having a fundamental role in heredity. 

In an early section on carbohydrate metabolism 
we saw that five-carbon sugars are characteristic 
components of the nucleic acids: ribose, in nucleic 
acids from the cytoplasm, and deoxyribose, in nu¬ 
cleic acids from the nucleus. In addition to one or the 
other of these sugars, the nucleic acids contain phos¬ 
phoric acid and what are known as nitrogenous 
bases. These bases are of two general types; either 
they contain the pyrimidine ring and are known as 
pyrimidines, or they contain the purine ring and are 
known as purines (#52). The major pyrimidines and 
purines found in nucleic acids are named and shown 
in #53 and #54. 
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Apparently these amides serve as storage reservoirs 
for the excess ammonia, thus acting as detoxifying 
agents. If dark-grown seedlings that contain large 
amounts of amide are put into the light, the amide 
content rapidly decreases. The light makes photosyn¬ 
thesis possible. From the sugar synthesized, the 
a-keto acids are formed during respiration; and these 
acids, taking up the amide nitrogen from asparagine 
or glutamine, give rise to amino acids for protoplas- 
nuc protein synthesis. On the other hand, if the dark 
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The basic building block of the nucleic acids is 
structural unit known as a nucleotide, which < 
sists of a nitrogenous base linked to one of the sug 
which in turn is linked to phosphoric acid. A In 
number of nucleotides are linked together to f< 
the long, thread-like molecules of nucleic ; 
(#55). Just as the relative amount and the local 
of each amino acid in proteins make possible a v 
large number of different proteins, so do the m 
ber and location of the different nucleotides in 
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cleic acid make possible a very great many different 
nucleic acids. 

ADP, ATP, DPN, TPN, and coenzyme A are nu¬ 
cleotides or contain nucleotides. Such important 
medicinal substances as the barbiturates and caffein 
are chemically closely related to the purines and 
pyrimidines. 

The summary of the important relationships in the 
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nitrogen metabolism of the plant (#56) shows also 
the processes whereby nitrogen is supplied to the 
plant from the soil and from the atmosphere and 
how it is returned to the soil and atmosphere to com¬ 
plete the cycle. 

Lipids 

The lipids comprise the third major group of con¬ 
stituents found in living organisms. These are or¬ 
ganic substances only slightly soluble in water but 
very soluble in the so-called fat solvents, such as 
ethanol, acetone, chloroform, and benzene. The three 
principal types of lipids are the fats and oils, the 
waxes, and the phospholipids. The fats and oils are 
storage forms of carbon, hydrogen, and oxygen and 
contain large amounts of chemical energy. Fats an 
oils are chemically the same and differ only in their 
state, whether solid or liquid at room temperature. 
The waxes make up part of the cell walls of plants 
in the forms of cutin and suberin. The phospholipids, 
on the other hand, are structural components of 
protoplasm, being particularly concentrated in the 
protoplasmic membranes, which, you will recall, are 

lipoidal in nature. 

Although small amounts of fats can be found 
cells of the vegetative organs of plants in the form 
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[ Exp 53] 

of minute droplets dispersed in the protoplasm, 
their principal location is in seeds and fruits, where 
they may make up 50 percent of the dry weight. 
Since fats consist only of carbon, hydrogen, and 
oxygen, they are synthesized, as you should now 
expect, entirely from respiratory intermediates and 
with energy derived from respiration. One compo¬ 
nent of fat is glycerol, which in #41 (p. 115) was 
seen to be formed from phosphodihydroxyacetone, 
which is hydrogenated by reduced DPN. The glyc¬ 
erol becomes esterificd with three molecules of fatty 
acid to form a fat (#57). This reaction is catalyzed 
by the enzyme lipase and is reversible. 

From what intermediate in respiration are the fatty 
acids made? These acids consist of long, usually un¬ 
branched chains of carbon atoms to which, except 
for the carboxyl group at one end of the molecule, 
only hydrogen atoms are attached. The number of 
carbon atoms is almost always an even number and, 
for the principal fats, varies from twelve to twenty- 
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sively to two-carbon fragments, presumably with the 
formation of much ATP, and the glycerol returns to 
the main stream of metabolism via phosphodihy¬ 
droxyacetone. Once back in the respiratory sequence, 
these units of the fat molecule may be respired to 
carbon dioxide and water or, by a reversal of gly¬ 
colysis, may enter into the synthesis of cell-wall and 
other constituents. 

The relative efficiency of fats in the storage of 
energy is indicated by the fact that a gram of fat 
releases about 9,300 calories of heat by combustion, 
whereas the heat from a gram of carbohydrate is 
only 4,200 calories. Fats from plant products are a 
substantial article of commerce. Approximately half 
of the 10,000 million pounds of fats and oils con¬ 
sumed in the United States annually is obtained from 
plant sources, such as palm fruits, coconuts, olives, 
peanuts, com, cottonseed, soybean, castor bean, and 
tung seed. Among the many familiar uses of plant 
fats and oils are their uses as food (oleomargarine, 
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six. Fatty acids differ from one another not only in 
chain length but also in the number of unsaturated 
bonds in the chain. Since the fatty acids are more 
highly reduced than the carbohydrates from which 
they must be synthesized, it is self-evident that their 
synthesis requires a large input of energy. The be¬ 
ginning point for this synthesis is the intermediate 
acetyl-coenzyme A, the two-carbon fragment formed 
from the decarboxylation of pyruvic acid and joined 
to coenzyme A (step K, #33, p. 106). In ways not 
yet completely understood, the acetyl units are 
transferred from acetyl-CoA, tied together, and then 
further reduced to the hydrocarbon level. As some 
acetyl-CoA is used to make fatty acids, other mole¬ 
cules must continue through the Krebs cycle to yield 
the hydrogen and ATP needed to reduce the acetyl 
groups tied together to form the fatty acids. Joining 
together the two-carbon fragments in long chains 
always results in the even-numbered chain lengths 
that are characteristic of most fatty acids. 

When fats are used by plants, most characteristic¬ 
ally during seed germination, they are first hydro¬ 
lyzed by lipase, a process that is studied in Experi¬ 
ment 53. The fatty acids are then oxidized progres- 


salad oils, salad dressings), in paints and varnishes, 
and in the manufacture of soaps. 

The plant waxes differ chemically from the fats in 
that their fatty acid constituents are esterified, not 
with glycerol, but with a variety of long-chain mono- 
hydric alcohols containing from twenty-four to thirty- 
six carbon atoms. Most commercial waxes, such as 
camauba wax, come from the cuticle of leaves and 
are obtained by simply immersing the leaves in hot 
water. The wax melts and floats to the surface. 

The phospholipids comprise only a small part of 
the total lipids in a plant but, as we have seen, are 
nevertheless important structural constituents of the 
protoplasm. Most of them are esters of glycerol, in 
which two of the hydroxyls are esterified with fatty 
acids and the third is esterified with phosphoric acid. 
The phosphoric acid may, in turn, be esterified with 

certain nitrogenous bases. 

Experiment 53. Fat Hydrolysis: The Enzyme 

Lipase - 

Split and remove the seed coats from 25 soaked Q 
castor-bean seeds, and grind up the seeds to a. 
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paste with the gradual addition of 50 ml of water. 
Take extreme care to avoid poisoning yourself 
with the ricin in the cotyledons during prepara¬ 
tion of the enzyme. Wash your hands with soap. 
Centrifuge for 15 min at 1,000 X g. Retain the 
upper layer of crude enzyme, transferring it to a 
test tube. Discard the water layer and residue. 
Add distilled water to the crude enzyme to make 
10 ml total volume. Shake the preparation vigor¬ 
ously to form an emulsion, and divide into two 
5 ml portions. Heat one portion to boiling; then 
cool. 

To each of 3 small flasks (preferably 50 ml 
Erlenmeyer flasks) add 5 ml of distilled water, 2 
ml of olive oil, 2 ml of ammonium buffer, 0.5 ml 
of 2% CaCb, and 0.5 ml of 3% albumin solution. To 
one flask add the unboiled enzyme, to the second 
flask add the boiled enzyme, and to the third flask 
add 5 ml of distilled water. Stopper the flasks 
tightly. Shake each flask vigorously to produce a 
stable emulsion. Incubate the stoppered flasks at 
37°C for 1 hr. 

To each flask add 0.5 ml of thymolphthalein, 
and titrate each solution with 0.5N aqueous KOH 
until a stable blue color is produced. Subtract the 
titration value obtained for the flask lacking the 
enzyme from each of the other two values. 

E. Photosynthesis 

Much that an organism is and does can be traced 
back to sugar. In the preceding parts of this discus¬ 
sion of metabolism you have seen that the principal 
components of living plant cells—the polysaccharides 
of the cell walls, the proteins and nucleic acids, and 
the lipids—are made from sugar and from minute but 
essential amounts of mineral elements. The sugar pro¬ 
vides the carbon, hydrogen, and oxygen that consti¬ 
tute the bulk of the protoplasm and cell wall. For 
each molecule of sugar converted to these constitu¬ 
ents, other molecules are respired to carbon dioxide 
and water to provide the energy, in the form of high- 
energy phosphate bonds or hydrogen, required for 
cellular syntheses. The complex organic constituents 
of the cell all contain more energy per gram of dry 
weight than the sugar from which they are made. 

Not every living organism makes all of its cell con¬ 
stituents from sugar. Some must have ready-made 
products of synthesis. For example, of the twenty-five 


or more amino acids that make up proteins, many 
animals must ingest about ten preformed, usually as 
proteins, which are then hydrolyzed. The animal, too, 
can ingest fat, which is just sugar transformed meta- 
bolically to a much higher energy content. In the 
green plant, however, the beginning point of cellular 
metabolism is sugar. Directly or indirectly, and in 
the form of carbohydrates or proteins or fats, the 
entire living world, with the minor exception of the 
chemosynthetic bacteria, derives its carbon, hydro¬ 
gen, oxygen, and energy from the sugar of green 
plants. 

The final series of experiments is devoted to an in¬ 
vestigation of the process whereby the green plant 
manufactures its own sugar—the process of photo¬ 
synthesis. In this process, carbon dioxide and water, 
both substances devoid of utilizable energy, are 
organized into the molecule of sugar. Carbon dioxide 
from the atmosphere diffuses into the leaves through 
the stomata, dissolves in the water saturating the cell 
walls, and then diffuses into the chloroplast-contain- 
ing cells, to the site of its initial reaction. Radiant 
energy also passes into the leaf, to the chloroplast, 
where it is absorbed by the photosynthetic pigments. 
The energy goes into the process as radiant energy 
and ends up as the free energy of the sugar. The 
essence of the process is the conversion of radiant en¬ 
ergy into chemical energy that resides in the bonds 
and structure of sugar. The universally essential key 
to this energy conversion is the green pigment chloro¬ 
phyll. Wherever photosynthesis occurs, there is 
chlorophyll; without the pigment there is no photo¬ 
synthesis. It is this energy from the sun that powers 
the living world. 

The first vague idea that plants derived some part 
of their “nourishment” from the air through the 
leaves was expressed in the classical book Vegetable 
Staticks , written by Stephen Hales and published in 
1727. He wrote, “Plants very probably draw through 
their leaves some part of their nourishment from air” 
and “may not fight also, by freely entering surfaces 
of leaves and flowers, contribute much to ennobling 
the principles of Vegetables?” It was not until 1S45, 
however, that the full significance of the energy con¬ 
version was understood, and it took until about 1S64 
for quantitative measurements of gas exchange to 
make possible the statement of the over-all reaction 
of photosynthesis: 

6C0 2 + 6H 2 0 —>- C 6 H 12 0 6 + 60 2 

In this over-all reaction about 691,000 calories of 

radiant energy are absorbed and converted into the 
*ree energy of hexose. 

Your previous study of metabolic processes should 
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lead you to expect that the path from carbon dioxide, 
water, and radiant energy to hexose would consist of 
a series of integrated reactions. The fact that the 
process requires light means that in at least one step 
light must be involved. If the rate of this step is re¬ 
duced by low light intensity, this step will pace all 
the other steps and hence determine the over-all rate 
of photosynthesis, as measured by oxygen evolved or 
carbon dioxide absorbed. Under such conditions light 
is said to be limiting or to be a limiting factor. In 
Experiment 54 you will study the rate of photosyn¬ 
thesis as a function of the light intensity. Light be¬ 
comes a limiting factor in photosynthesis at low light 
intensities—that is, where the rate of the entire proc¬ 
ess is determined by the rate of supply of light 
energy. Beyond a certain intensity of light, further in¬ 
creases have no effect on the production of oxygen. 
The process is then said to be light-saturated under 
the particular conditions of the experiment. The rate 
of diffusion of carbon dioxide into the cells may also 
control the over-all photosynthetic rate. Thus it is 
possible that light saturation is reached because car¬ 
bon dioxide becomes the limiting factor. If so, then 
an increase in the concentration of carbon dioxide 
will remove this limitation, and one can then obtain 
further increases in rate by raising the light intensity. 

When either light intensity or concentration of car¬ 
bon dioxide is limiting photosynthesis, one expects 
temperature to have little or no effect on the process, 
since photochemical reactions are insensitive to tem¬ 
perature (Qio = 1.0), and diffusion has a Q to of about 
1.5. What effect does a change in temperature have 
on the photosynthetic rate, however, when there is an 
abundance of carbon dioxide and light? This you 
will also study in Experiment 54. Under conditions 
where light is not a limiting factor, one finds that the 
rate of photosynthesis is responsive to temperature 
changes. 

When the slowest, pace-setting step is not a photo¬ 
chemical reaction but rather an enzymatic one, its 
rate and that of the over-all process can be increased 
by a rise in temperature. Experiment 54 was first 
carried out in 1905 by F. F. Blackman and was the 
basis for the conclusion, now elaborately documented, 
that photosynthesis involves nonphotochemical, en¬ 
zymatic reactions as well as photochemical reactions. 
You should not erroneously conclude, as students 
have done from time to time, that photosynthesis can 
proceed in the dark. The over-all process begins 
when there is light and stops when light is removed. 
Each step is dependent on the previous one. If the 
photochemical step is prevented by darkness, there 

is no production of oxygen. 

In addition to the external factors that may limit 
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the rate of photosynthesis (availability of carbon 
dioxide, light intensity, and temperature), there are 
important internal controlling factors as well, such as 
the concentration of chlorophyll, the water deficit, 
and probably enzyme concentration. The chlorophyll 
concentration can be experimentally manipulated by 
the cultural control of plant development and is 
shown to be capable of limiting photosynthesis when 
it is brought down to a sufficiently low level. 

What controls the rate of photosynthesis in the 
field? The fact that the carbon dioxide content of the 
air is only 0.03 percent suggests that it must often be 
limiting. To be sure, the photosynthesis of growing 
crops increases linearly with increases in concentra¬ 
tion of carbon dioxide up to about 0.5 percent. How¬ 
ever, if a high concentration of carbon dioxide (0.3 
percent) is continued for as long as two weeks, the 
plants are injured and photosynthesis is actually re¬ 
duced. Because photosynthesis in light-saturated field 
crops has a Qio slightly above unity, it seems that 
the supply of carbon dioxide may often be limiting in 
the field. But increasing the concentration in the air 
—in greenhouses, for example—is, because of the 
toxic effects, of no particular help. 

Light intensity obviously limits field photosynthesis 
at night, at sunset, during sunrise, and on cloudy 
days. But what about photosynthesis in full sunlight? 
On clear summer days the intensity of sunlight is 
about 10,000 foot-candles. A single exposed leaf, such 
as that of com, conducts maximum photosynthesis 
at about 3,000 foot-candles. Masses of leaves, such 
as those on a tree, are saturated at higher intensities 
because the diffuse light going to shaded leaves con¬ 
tinues to be more effective up to about 5,000 foot- 
candles. For leaves of field-grown corn an intensity of 
about 100 foot-candles is necessary for just enough 
photosynthesis to compensate for the opposing gas 
exchange due to respiration, which, of course, con¬ 
tinues in both the dark and the light. In relation to 
this compensation, you should note that in Experi¬ 
ment 54 you will measure the “apparent photosyn¬ 
thesis,” not the actual photosynthesis, since the gas 
evolved is uncorrected for the oxygen used by the 
Elodea plants in respiration. 

Experiment 54. The Effect of Temperature and 
Light Intensity on the Rate of Photosynthesis 

In this experiment you will measure the 
amount of 0 2 evolved by the water plant Elodea 
in an Audus microburette 0 (Fig. 35). Cut off 
under water the base of a healthy sprig of Elodea, 

° Audus, L. J. 1940. Annals of Botany, NS 4: 819-823. 
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figure 36 Arrangement of equipment for determining the effects of temperature and light 
intensity on the rate of photosynthesis. 


and mount with base end up in the collecting 
tube. Immerse the collecting tube in a large test 
tube containing pond water or ^-strength Hoag- 
land solution to which has been added 0.5 per¬ 
cent sodium bicarbonate. Suspend the large test 
tube containing the collecting tube in the water 
bath. Gently suck on the rubber tube attached to 
the microburette until the entire burette is filled 
with solution. Close both pinch clamps. Bubbles 
of 0 2 will collect at the top of the collecting tube. 
By adjusting the lower pinch clamp you can bring 
the bubble onto the scale for measurement. After 
the measurement, by opening the pinch clamp all 
the way, you can force the bubble out into the 
bulb. Make three successive determinations of 
the gas evolved at temperatures of 30° and 20°C 
with the lamp 48, 24, 12, and 6 inches from the 
plant (Fig. 36). Maintain the temperatures by 
adding hot or cold water as needed to the water 

bath. . 

Before doing the above, make a trial run at 


20°C with the lamp at 12" to learn how to use 
the apparatus and to adjust the amount of plant 
material to give a 2 cm bubble in not more than 
15 min, preferably in less time. Begin timing 
when bubbles begin to rise to the capillary tube. 

Designate the light intensity at 6" as 100 units. 
Then, remembering that light intensity varies in¬ 
versely as the square of the distance, make a 
graph showing the relation between light in¬ 
tensity and the evolution of 0 2 per unit time. Cal¬ 
culate the Qio under conditions of limiting tem¬ 
perature and conditions of limiting light intensity. 


Dtosynthesis occurs only where there is chloro- 
In most plants, the light used in photosynthesis 
;orbed by this pigment. One of the evidences for 
relation comes from a comparison of the ao- 
ion spectrum of chlorophyll with an action spec- 
of photosynthesis. We obtain the latterbyde- 
hing the rate of photosynthes.s at differe 
lengths of light, each providing equal amount 
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of energy. Such an action spectrum (see inside front 
cover) shows red light and blue light to be the most 
effective in photosynthesis (see Appendix 1). 

To obtain an absorption spectrum, we first extract 
the pigment and then determine the absorbed wave¬ 
lengths of light. Two methods of extraction are de¬ 
scribed, one in Experiment 55 and another in Experi¬ 
ment 56. The first method is a chemical separation. 
Chlorophyll is located in the grana of the chloro- 
plasts and always has associated with it two other 
types of pigments, the related orange-yellow caro¬ 
tenes and the yellow xanthophylls, known collectively 
as carotenoids. In the grana, these three groups of 
pigments, the chlorophylls, carotenes, and xantho¬ 
phylls, are probably located between alternate layers 
of proteins and lipids. To dissolve them out, it is 
necessary to use lipid solvents, which, however, con¬ 
tain some water. In Experiment 55 the extractant is 
80 percent acetone. Chlorophyll a and b and caro¬ 
tene and xanthophyll are then separated by means 
of their differential solubilities in various solvents. In 
step 6, the methyl alcohol potassium hydroxide solu¬ 


tion saponifies the phytyl and methyl alcohol groups 
of the chlorophylls, making the pigments water- 
soluble. 

The chlorophyll pigments are rather complex or¬ 
ganic molecules. In the higher green plants the 
closely related compounds chlorophyll a and chloro¬ 
phyll b are found in the ratio of about 3 to 1. Their 
chemical structure is shown in #58. The basic struc¬ 
ture of chlorophyll a is that of a porphyrin made up 
of four pyrrol groups linked together by carbon atoms. 
Side chains occur on the pyrrol groups; the largest of 
these side chains is the unsaturated primary alcohol 
group phytyl. A single atom of the element magne¬ 
sium is held between the pyrrol nuclei. Chlorophyll b 
is identical with chlorophyll a except for the substitu¬ 
tion of an aldehyde group in place of a methyl group 
on one pyrrol nucleus. In addition to these chloro¬ 
phylls, of which chlorophyll a appears to be universal 
in green plants, there are a number of closely re¬ 
lated chlorophyll compounds in certain of the algal 
groups and in the photosynthetic bacteria. 

The carotenoid pigments (#59) are quite unlike 
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[ Exp 55] 

tlio chlorophyll pigments chemically. ^.-Carotene, the 
principal carotene pigment in leaves, is a yellow 
pigment with the empirical formula C 40 H 56 and is 
typical of the carotenes. If [2-carotene is split oxida¬ 
tively in the center of the molecule, two molecules of 
vitamin A are produced. The xanthophylls are oxy¬ 
genated derivatives of the carotenes. 

In Experiment 55-B, the pigments extracted in 
Experiment 55-A are examined in the spectroscope. 
In this instrument (Fig. 30, p. 113), white light 
passes in through the slit of the collimator. This light, 
upon passing through the prism, is divided into its 
component wavelengths, which then pass through 
the solution. The observer, looking through the tele¬ 
scope, sees the light after it has passed through the 
solution. The wavelengths of light absorbed appear 
as dark bands. 

When the absorption spectra of the several pig¬ 
ments are compared with the action spectrum of 
photosynthesis, only the absorption spectrum for 
the chlorophylls matches the action spectrum. Al¬ 
though this, together with other evidence, indicates 
that the light used in photosynthesis is absorbed by 
the chlorophyll pigments, there is strong additional 
evidence that the carotenoid pigments also absorb 
some photosynthetically active light. In certain 
groups of algae, the blue-greens and the reds, there 
occurs another group of pigments, the phycobilins, 
which are water-soluble and either blue or red in 
color. These pigments have been shown to absorb 
light that is used in photosynthesis. Although some 
light for photosynthesis may, in certain plants and 
under certain conditions, be absorbed by the carot¬ 
enoids and the phycobilins, chlorophyll is still es¬ 
sential for the process. Presumably, the light energy, 
in order to participate in the photochemical step, 
must ultimately activate the chlorophyll molecule. 

We shall see later that very little is known about 
the detailed photochemical reactions in photosyn¬ 
thesis. When light energy is absorbed by the chloro¬ 
phyll molecule, this energy becomes what is known 
as the excitation energy of chlorophyll. The energy 
of the excited chlorophyll molecule is used, by un¬ 
known mechanisms, to split water into hydrogen and 
hydroxyl groups, as we shall show in more detail 

later. 

Experiment 55. The Chloroplast Pigments 

A. Extraction and Chemical Separation of the 
Pigments. 1. Mix 2.5 g of dried, ground spinach 
leaves with 40 ml of 80% acetone. When the ace¬ 


tone is colored deep green, filter on a Buchner 
funnel. The extract contains the chloroplast pig¬ 
ments. 

2. Put 50 ml of petroleum ether into a separa¬ 
tory funnel, and add the acetone solution of the 
chloroplast pigments. Gently rotate the funnel 
(Fig. 37). Now add 70 ml of distilled water by 
allowing the water to flow down the side of the 
funnel. Rotate the funnel until the upper layer is 
quite green. Permit the layers to separate, and 
then draw off the lower acetone-water layer and 
discard. 

3. Wash the petroleum ether solution by add¬ 
ing 50 ml of distilled water, gently rotating the 
funnel, and draining off the water. Do this twice 
more. 

4. To the clean petroleum ether solution add 
50 ml of 92% methyl alcohol, mix by rotating, and 
then draw off the lower methyl alcohol solution 
into one beaker and the upper petroleum ether 
solution into another. Methyl alcohol is poison¬ 
ous. Avoid the fumes as much as possible. Chloro¬ 
phyll a and carotene are now in the petroleum 
ether solution, and chlorophyll b and xanthophyll 
are in the methyl alcohol solution. 

5. Put 50 ml of the methyl alcohol solution con¬ 
taining chlorophyll b and xanthophyll into the 
separatory funnel, add 50 ml of ethyl ether, and 
mix by rotating. Now add distilled water, 5 ml 
at a time down the side of the funnel, rotating 
after each addition, until two layers of liquid 
appear. This usually requires 25 ml or more. 
Discard the lower methyl alcohol layer. 

6. Now put 30 ml of the ethyl ether solution in¬ 
to a large test tube and 30 ml of the petroleum 
ether solution into a second tube. Carefully pour 
15 ml of fresh 30% methyl alcoholic potassium 
hydroxide solution down the wall of each con¬ 
tainer, shake, and then observe for 10 min. Are 
there any color changes? Now add 30 ml of dis¬ 
tilled water to each tube, shake, and permit the 

two layers to separate. 

When you are sure you know where each pig¬ 
ment is, have your results checked by the in¬ 
structor, and then put the solutions of the pig¬ 
ments into the designated bottles. 

B. Absorption Spectra of the Pigments. A 
portion of each of the pigments separated will be 
placed in a cell for observation through the spec- 
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figure 37 Use of the separatory funnel in the separation of the chloroplast pigments. A: 
While gently rotating the funnel, hold the stopcock and stopper to keep them from being 
blown out. B: Release the gas pressure periodically by inverting the funnel and opening 

the stopcock. 


troscope. Observe the spectrum of the lamp. 
Diagram the distribution of the colors in relation 
to the scale, as seen in the spectroscope. Now 
observe one of the pigments, and on a second 
diagram indicate the position of the dark bands. 
Do this for each of the pigments. Make a fifth 
diagram of the action spectrum for photosyn¬ 
thesis from the graph on the inside front cover. 

C. Pigment Fluorescence. Observe each of 
the pigment extracts, first in transmitted light and 
then in reflected light against a black back¬ 
ground. Note in your report sheet the color and 
appearance of each pigment under each condition 
of lighting. 

######^#################### 


In Experiment 56, separation of the plastid pig¬ 
ments is accomplished by column cliromatography, 
a simple, dramatic, and very useful means of separat¬ 
ing the pigments of the green leaf. The method used 
here was first introduced in 1903 by the Russian bot¬ 
anist Tswett. From his early studies of chromato¬ 
graphic adsorption phenomena have sprung the 
manifold chromatographic procedures used today. 

The method is basically similar to that used earlier 
to separate the amino acids. Here, however, the sol¬ 
vents flow, not through paper, but through an ad¬ 
sorbent solid to which the compounds to be sepa¬ 
rated are adsorbed at different levels, thus presenting 
distinct and separate bands of color. By choice among 
the many possible adsorbents and by varying combi- 
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nations of solvents, it is possible to achieve excellent 
separation of a wide variety of organic compounds. 


Experiment 56. Separation of the Chloroplast 
Pigments by Adsorption Chromatography 

Prepare a petroleum ether solution of the 
chloroplast pigments extractable from spinach- 
leaf powder, using the procedure described in 
Exp 55-A, 1-3. The resultant deep-green petro¬ 
leum ether extract will be used in the procedures 
described below. 

Pack with magnesium oxide (heavy) powder 


figure 38 Apparatus for the separation of 
chloroplast pigments by column chroma¬ 
tography. 
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a Pyrex glass chromatographic tube of a con¬ 
venient size (e.g., 3 cm outer diameter X 20 cm 
length) fitted with a fritted glass disk (Fig. 38). 
Dry packing of the column is most easily 
achieved in the following manner. Support the 
tube vertically with the ring stand and clamp. 
Using a large-bore glass funnel, pour the mag¬ 
nesia into the tube slowly, and at the same time 
rap the side of the tube sharply with a wooden 
stick to settle the powder. After adding a few cm 
of powder, pack it tightly with a packing rod of 
a diameter that exactly fits the tube. Repeat the 
procedure until the tube is filled to within 5 cm 
of the top. Uniform packing is essential. 

Mount the chromatographic tube on a heavy- 
walled filter flask (Fig. 38), and apply gentle 
suction to the side arm. Using a glass stirring rod, 
gently pour the previously prepared petroleum 
ether solution down the side of the tube, wetting 
the entire surface of the magnesia. Pour in 
enough pigment solution to nearly fill the tube. 
The suction draws the solution down through the 
magnesium oxide powder. Because of their differ¬ 
ential adsorptive properties, the different pig¬ 
ments in solution are adsorbed to the particles of 
the column more or less tightly, and each pig¬ 
ment forms a distinct color band as the solution is 
drawn through. 

When nearly all of the pigment solution has 
passed into the magnesium oxide, gently add 
about 50 ml of a 1:1 mixture of petroleum ether 
and benzene to “develop”—that is, to spread out 
—the bands. In order from the top of the column 
the following bands will be distinguishable: the 
chlorophylls, with chlorophyll b forming the yel¬ 
low-green top layer and chlorophyll a the lower 
dark blue-green band; the xanthophylls; and the 
carotenes, with (3-carotene the darker orange- 
yellow zone and a-carotene the lowest band of 
brighter yellow. 

Draw the column with its bands after they are 
fully developed, and label each band. 

Studies of the effect of temperature on the rate of 
photosynthesis under conditions of limiting light and 
of light saturation indicated that nonphotochemical 
enzymatic reactions are part of the photosynthetic 
process. Until 1930 no further understanding of the 
mechanism was obtained, and the various theories 
of photosynthesis postulated unique types of reac- 
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tion more or less foreign to organic chemistry and 
biochemistry. In 1930, on the basis of a study of 
bacterial photosynthesis, C. B. van Niel postulated 
that green-plant photosynthesis was an oxidation- 
reduction process in which hydrogen was split from 
water and used to reduce carbon dioxide to the level 
of carbohydrate (CH 2 0). In terms of one molecule 
of carbon dioxide reduced, the postulated over-all 

reaction was 

C0 2 + 2H.O —[CH 2 0] + H.O + 0 2 

According to this concept, two molecules of water 
are necessary to yield enough hydrogen for the re¬ 
duction of carbon dioxide. One hydrogen pair takes 
CO to CH.-O, and the other pair takes the other 
oxygen of C0 2 to H 2 0. The oxygen atoms from the 
two water molecules unite to form oxygen gas, Oj. 

This formulation of photosynthesis has now been 
experimentally confirmed in several different ways, 
of which we shall mention only two. It is possible to 
ascertain whether the oxygen evolved in photosynthe¬ 
sis comes from the carbon dioxide or from the water 
or from both. By careful experimentation with iso¬ 
topic oxygen, it has been shown to come from the 
water. It has also been found possible to carry out 
separately one partial process of photosynthesis: the 
splitting of water, accompanied by the evolution of 
oxygen and the release of hydrogen. This is the 
photochemical part of photosynthesis. This photolysis 
of water (that is, a splitting of the water molecule), 
when carried out with isolated chloroplasts, is known 
as the Hill reaction after R. Hill, who discovered it 
in 1937. In carrying out the Hill reaction, one must 
supply a hydrogen acceptor, since isolated chloro¬ 
plasts do not reduce carbon dioxide directly. In 
Experiment 57, in which you will study a light-ac¬ 
tivated reduction by isolated chloroplasts, the role 
of hydrogen acceptor is played by 2,6-dichlorophenol- 
indophenol, the hydrogen acceptor used in Experi¬ 
ment 44 to study dehydrogenation as carried out in 
one of the steps in respiration. In a manner not yet 
known, the excitation energy in the chlorophyll splits 
the water and thus yields hydrogen, which has as¬ 
sociated with it, as chemical free energy, the light 
energy absorbed by the chloroplasts. 

The reaction proceeds as follows: 

light 

2 indophenol + 2H 2 0->-2 indophenol-2H + 0 2 

chloroplasts 

(oxidized, blue) (reduced, colorless) 

In the absence of carbon dioxide, intact cells will 
evolve oxygen in the light when the hydrogen ac¬ 
ceptors used in the Hill reaction are supplied, pro¬ 
vided the acceptors can penetrate the cell. 


Other hydrogen acceptors can be used in the Hill 
reaction, including such naturally occurring ones as 
DFN and TPN. If DPN or TPN is added to a sus¬ 
pension of chloroplasts, the coenzyme will be re¬ 
duced; then, in the same reaction mixture, the re¬ 
duced coenzyme can be made to carry out any 
reduction of substrate that it can normally perform in 

metabolism. 

The discovery and study of the Hill reaction, 
together with the experimental confirmation of the 
view that photosynthesis is an oxidation-reduction 
reaction, have greatly increased our understanding 
of photosynthesis. The student must remember, how¬ 
ever, that the Hill reaction requires chloroplasts. 
These are highly organized, complex units of living 
protoplasm. By way of contrast, the glycolytic se¬ 
quence can be made to proceed in test tubes con¬ 
taining only substrate, soluble enzymes, activators, 
and coenzymes. No one can yet say what and how 
many enzymes are in the chloroplasts or how im¬ 
portant the exact arrangement of chlorophyll, pro¬ 
tein, and lipid in the grana of the chloroplasts may 
be. 

What about the other partial process of photosyn¬ 
thesis, the reduction of carbon dioxide? What inter¬ 
mediates are formed between carbon dioxide and 
sugar? Which is the first stable product of the reduc¬ 
tion of carbon dioxide—that is, the first product to 
accumulate in the cells? Almost all we know of this 
sequence has been learned since 1945, when radioac¬ 
tive carbon became generally available. By using 
carbon dioxide containing radioactive carbon, usually 
shown as C°0 2 , it is possible to follow what happens 
to the carbon without becoming confused by the 
great amount of carbon already in the plant. We can¬ 
not yet be certain of all the detailed steps, but the 
main outlines are now becoming clear. 

The process begins with a reaction, probably con¬ 
sisting of several steps, in which the five-carbon 
sugar ribulose-1,5-diphosphate combines with car¬ 
bon dioxide from the atmosphere. For clarity, in 
#60, the carbon dioxide is marked as radioactive. 
The products of the over-all reaction are two mole¬ 
cules of 3-phosphoglyceric acid, one of which con¬ 
tains the new, marked carbon in the carboxyl group. 
In the next step, it appears, hydrogen from the 
photolysis of water reduces phosphoglyceric acid to 
phosphoglyccraldehyde, which, you will recall, is in 
equilibrium with phosphodihydroxyacetone (step E, 
#31, p. 104). By subsequent reverse reactions, either 
the same as or closely similar to those already studied 
in glycolysis, the sugars are synthesized (#61). 

The experimental evidence indicates that durine 
photosynthesis the carbon dioxide first appears iu 
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h 2 c-o-© 

c = o 

C HO H + C*0 2 + 
CHOH 

h 2 c-o-© 

Ribulose-1, 5 - diphosphate 


H r C-0-® 

HCOH 

I* 

COOH 

H 2 0 COOH 

HCOH 

h 2 c-o-@ 

3-Phosphoglyceric acid 
(two molecules) 




the carboxyl group of 3-phosphoglyceric acid. We 
still do not know, in detail, how this acid is reduced 
to the triose by the hydrogen from water. The reac¬ 
tion shown in ^£61 is schematic and unbalanced. It 
undoubtedly consists of several steps, which are not 
necessarily the same as the reverse of the reactions 
in glycolysis whereby triose (3-phosphoglyceralde- 
hyde) is oxidized to phosphoglyceric acid. It appears 
that the motive power, in the form of hydrogen at¬ 
tached to some unknown carrier, is applied at the 
phosphoglyceric acid level and drives the process on 

to the formation of sugar. 

For photosynthesis to continue, there must be a 
constant supply of ribulose-1,5-diphosphate to react 
with the carbon dioxide (a nonphotochemical, en- 


zvmatic reaction). Elegant studies with radioactive 
carbon dioxide show that the five-carbon sugar is 
constantly made from part of the intermediates and 
sugar formed during photosynthesis. These relation¬ 
ships are represented schematically below. 

The secret of photosynthesis is still locked within 
the chloroplast. In this structure the crucial con¬ 
version of radiant energy to the free energy of mole¬ 
cules takes place. When the story is finally written, 
what may it mean? Industrialization, which is now 
spreading to every corner of the world consumes 
vast amounts of energy—wood from todays photo¬ 
synthesis, coal and oil from yesterdays, and water 
power from the evaporative effects of the sun. Vast 
amounts of radiant energy fall on the earth only to 
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become heat that is soon lost to space. Of the radiant 
energy reaching the surface of the earth, it is esti¬ 
mated that less than 1 percent is trapped by chloro¬ 
phyll and converted into plant substance. Will we 
learn from the green plant how to capture and use 
the constant stream of energy falling upon us from 
the sun? 

Today the vast pyramid of life, including man and 
his works, is supported by the photosynthesis of 
green plants. Through this process is made the 
energy-containing sugar. From its atoms and its 
energy, life synthesizes living organisms. Every trans¬ 
formation in this synthesis, however, has its large or 
small loss of energy as heat. Photosynthesis continu¬ 
ously replenishes the energy reservoir by trapping 
the radiant energy of the sun. Plants in action keep 
the living world alive. 


Experiment 57. Dye Reduction by Illuminated 
Chloroplasts 

A. Macerate about 30 g of well-washed spin¬ 
ach leaves in 50 ml of ice-cold 0.5M sucrose solu¬ 
tion for 30 sec in a Waring Blendor. Filter the 
suspension through 2 layers of cheesecloth. Cen¬ 
trifuge the filtrate for 10 min at 50 X g. Discard 
the precipitate, and centrifuge the supernatant 
for 10 min more at 600 X g. Pour off the superna¬ 
tant. Resuspend the precipitate containing the 
intact chloroplasts by adding 30 ml of ice-cold 
10% propylene glycol solution to the centrifuge 
tube, and then stir with a glass stirring rod. 

Withdraw a 10 ml sample of the chloroplast 
suspension, and heat gently to boiling in a small 
Pvrex test tube over the Bunsen flame. Cool im- 

9 

mediately in a water bath. 


[ Exp 57] 

To each of three small test tubes add 9.0 ml 
of ice-cold solution containing 0.4M potassium 
phosphate at pH 6.5 and 0.08M potassium chlo¬ 
ride. To tube 1 add 1.0 ml of the boiled suspension 
after cooling. To tubes 2 and 3 add 1.0 ml each of 
the untreated chloroplast suspension. 

At zero time, add 0.3 ml of 0.1 r c 2,6-dichloio- 
phenol-indophenol solution to tube 1; transfer the 
contents immediately to a clean dry colorimeter 
tube, and measure the absorption of the solution. 
Place the tube in a test-tube rack about 18 inches 
in front of a 100-watt incandescent lamp. Repeat 
the procedure with tube 2, noting the time of 
adding the dye, and placing the tube in the same 
light. Add the dye solution to tube 3, make an 
initial reading in the colorimeter, and place the 
tube immediately in the dark in your locker. 

Measure the absorption of each tube at 15 min 
intervals for 60 min. Before each colorimeter 
reading, be sure that you shake the tube vigor¬ 
ously to resuspend the chloroplasts uniformly. 
(Why?) 

When you have completed all measurements, 
graph the results of your experiment, plotting the 
readings from the colorimeter (absorption) on 
the vertical axis against time in minutes on the 
horizontal axis. 

B. With a pipette remove a small drop of the 
chloroplast suspension prepared above, place the 
drop on a glass slide, and cover with a cover slip. 
Under the high-power magnification of the micro¬ 
scope, observe the suspension for intact chloro¬ 
plasts. Draw a few such plastids on your report 
sheet. 


appendix i Electromagnetic Radiation 



Plants, like all living organisms on the earth, are 
continuously exposed to radiant energy as a part of the 
environment in which they live. The most familiar elec¬ 
tromagnetic radiation to which the plant is subjected is 
light, the visible portion of the radiant-energy spectrum. 
Light is, however, only a fraction of the whole spectrum 
of electromagnetic radiation. In the front of this manual, 
on the inside of the cover, is represented the entire 
known range of the electromagnetic radiation spectrum. 

The radiant energy that comes to the earth from the 
sun —that is, the solar radiation—includes white light, or 
the visible portion of the spectrum, and also ultraviolet 
rays and infrared rays, which are invisible but are known 
through their chemical and heat effects. White light from 
the sun or from some other radiant body, such as an 
incandescent lamp, upon passing through a glass prism is 
broken into its component colors—the visible spectrum of 
six intergrading colors, from violet through blue, green, 
yellow, and orange to red. 

According to modern physical theory, all electro¬ 
magnetic radiation consists of packets of energy called 
quanta (singular quantum), which move as if guided by 
waves. Certain light phenomena are most easily under- 
slood if light is considered to be energy transmitted in an 
undulatory manner. Other phenomena relating to light 
energy must be interpreted with the view that light 
resembles a stream of particles, each particle representing 
a unit of energy, or a quantum. 

According to the wave theory of light, radiant energy 
is propagated in an undulatory fashion—that is, in a 
series of waves. The distance between adjacent crests of 
waves is called the wavelength or X (lambda). The 
velocity of energy transmission is 186,300 miles per 


Wave Icnjpth = \ 



electromagnetic radiations. Light energy of different 
wavelengths in the visible spectrum produces different 
color sensations when it impinges on the retina of the eye. 
The longest visible wavelengths in the range 650-760 m[x 
(6,500-7,600 angstroms) are red, the shortest visible 
wavelengths in the range 390—430 m[A (3,900-4,300 A) 
are violet, and there is a continuous spectrum, the colors 
of the rainbow, between red and violet. The quality of 
light is always its wavelength composition. Shorter wave¬ 
lengths in the ultraviolet—in the range 100-390 mu. 


are invisible but are important for their chemical effects; 
they are the wavelengths that sunburn the skin of man, 
and slightly shorter wavelengths in the ultraviolet are ef¬ 
fective killers of bacteria. As the wavelengths beyond the 
visible spectrum become progressively shorter, the radiant 
energy passes from ultraviolet to x-rays and then to 
gamma rays, which are radiations emitted during trans¬ 
formations within the nuclei of chemical elements. 
Gamma rays are familiar as radiant energy from radio¬ 
active substances such as the element radium. On the 
far end of the short wavelengths are cosmic rays—that is, 
electron and heavy-particle showers from outer space. 
Beyond the red side of the visible spectrum are the 
longer wavelengths of infrared radiation, which, although 
invisible, are detectable by their heating effects; hence 
the use of infrared lamps for cooking, drying, and heat 
therapy. At increasing wavelengths are found radio waves, 
including television (in the range 1-10 meters, or about 
100 megacycles), short-wave radio (50 meters, or 10 meg¬ 
acycles), and commercial radio broadcasting (100-1,000 
meters, or about 1 megacycle, which equals 1,000 kilo- | 
cycles where 1 kilocycle equals 1,000 cycles of alter¬ 
nating electrical current). Considerably longer wave¬ 
lengths, of 1 million meters or more, are in the range of 
alternating electric current for light and power. Of all 
the electromagnetic radiations about which we have 
information, visible and near-visible radiation appears to 
be by far the most significant in affecting the physiology 
of plants. 

Certain physical phenomena cannot be understood or 
explained in terms of the general wave theory of light. A 
second concept must be invoked, that radiant energy 
travels as a stream of particles or packets of energy. 
These packets of energy, or quanta, are capable of 
causing certain photochemical reactions. The energy of 
quanta is related to wavelength in that, the shorter the 
wavelength, the higher the energy value of the quanta, 
or, conversely, the longer the wavelength, the lower 
the energy value of the quanta. Thus a quantum of in¬ 
frared rays has only one-eight of the energy value of a 
quantum of ultraviolet rays. 

Visible light may be produced by any of a number 
of sources. If a platinum wire is heated, it soon glows 
and becomes incandescent. The wire is luminous because 
of the energy of its own atoms. The light emitted is of 
definite wavelengths and is called the emission spectrum 
of the wire. Similarly, when gases are heated or excited 
by an electric spark, they also emit light of distinctive . 
wavelengths. Thus modern neon and fluorescent tubes f 
give off light of characteristic wavelengths. Th charac- 
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terisrtc emission spectrum of an element can be used to 
identify the element, or, as is done in the laboratory with 
the element sodium (whose emission spectrum comprises 
a single bright yellow line at 589 m[x), the emission 
spectrum can be used to calibrate the spectroscope, an 
instrument in which the component wavelengths of white 
light are dispersed by a prism so that they can be studied 
(Fig. 30, p. 113). Artificial illumination seldom emits the 
complete visible spectrum; it is usually restricted to 
certain wavelengths. Fluorescent lights, in general, are 
high in the emission of the blue wavelengths and low 
in the emission of the longer wavelengths of the red 
region of the visible spectrum. Of all the artificial light 
sources commonly available, the unfrosted incandescent 
light bulb with tungsten filament comes closest to pro¬ 
ducing white light comparable to the radiant energy from 
the sun. By combining fluorescent fights with incan¬ 
descent fights (which provide the essential red wave¬ 
lengths particularly), it has been possible to grow plants 
satisfactorily under completely artificial fight. The sun 
itself, the chief source of visible light to the earth, is a 
luminous body whose gases emit a radiation that includes 
not only the visible wavelengths but also ultraviolet and 
infrared radiation. 

If a beam of white fight is passed through a colored 
solution, certain wavelengths of the visible spectrum 
will be absorbed by the colored substance in solution. 
By placing the colored solution in the path of white fight 
before it enters the collimating lens of a spectroscope, 
one can determine the particular wavelengths of fight 
absorbed by the substance in solution. In the spectro¬ 
scope, the absorbed wavelengths appear as dark bands 
in the spectrum. Using quantitative procedures with a 
spectrophotometer or similar instrument, one can plot 
exactly the absorption of a particular substance over the 
entire visible spectrum. Such a determination is called 
an absorption spectrum and is characteristic of the sub¬ 
stance concerned. Each substance that absorbs visible 
fight has its own distinctive absorption spectrum, which 
can be used as one means of identifying the substance. 
The color of a substance depends, not upon the wave¬ 
lengths of fight absorbed, but upon those that pass 
through, or are transmitted. Chlorophyll in solution, for 
example, appears green in transmitted fight because the 
green wavelengths of the visible spectrum pass through 
it while the red and blue regions of the spectrum are 
largely absorbed by it. 

Chemical reactions proceed by means of molecular 
collisions. The greater the velocities of molecules, the 
greater the chemical reactivity of the system. Raising 
the temperature of a system increases the velocities of the 
molecules and thereby increases the rate of the chemical 
reaction. In somewhat the same way, even at low 
temperatures, molecules can be activated by radiant 
energy in the form of white fight. Light energy im¬ 
pinging on a molecule in a plant cell can be “absorbed” 
and thus transferred to the molecule. The absorbed 
energy may be subsequently transformed in any of a 
number of ways. It may be converted to heat as the mole- 
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cu le collides with other molecules; it may change »hr 
molecule itself, causing chemical dissociation or break¬ 
down; it may excite the molecule, which may then 
transfer the energy to another molecule or may im¬ 
mediately reradiate a portion of the energy at a different 
wavelength—that is, may fluoresce, as chlorophyll can 
be observed to do; or it may produce still other effects. 

In order for fight to have a chemical, and hence a 
physiological, effect on a plant, it must first be absoibed, 
in the plant cells, by colored substances that absorb 
certain wavelengths of the visible spectrum and transmit 
other wavelengths. Such substances we term pigments. 
Numerous pigments in plant tissues are active in ab¬ 
sorbing certain wavelengths of the radiant energy of 
white fight and thereby in mediating chemical effects 
in the system. 

Plant responses are not usually' elicited equally by all 
wavelengths of the visible spectrum. Usually the plant 
reacts much more strongly to a particular color of fight 
than to another; that is, certain wavelengths elicit a clear 
response in plant behavior, whereas other wavelengths 
are much less active or completely inactive. One can 
determine experimentally for any plant response the 
effectiveness of the different wavelengths of light by 
measuring the response of plants to illumination by each 
wavelength at the same intensity. Such a determination, 
showing the relative effectiveness of each wavelength 
of the visible spectrum in eliciting a plant response, is 
called an action spectrum. On the inside front cover 
of this book are represented experimentally determined 
action spectra for several important physiological re¬ 
sponses in plants. 

The action spectrum for a plant response, if one can 
determine it accurately, offers a direct clue to the nature 
of the pigment responsible for absorbing the radiant 
energy that elicits the response. In the case of green- 
plant photosynthesis, for example, two peaks of photo¬ 
synthetic activity are apparent, one in the blue range 
of the spectrum, between 4,000 and 4,500 A, and the 
other in the red, at about 6,500-6,700 A. 

The absorption spectra for the chlorophylls, a and b, 
show a remarkably similar pattern, with peak absorption 
in the blue and red wavelengths; this, coupled with 
other evidence, indicates strongly- that these pigments 
are the compounds in the plant that are initially excited 
by fight and are responsible for the photosynthetic 
activity of the plant. In a similar fashion it should be 
possible, by matching action spectra with absorption 
spectra, to identify the components chiefly responsible 
for other light-activated physiological processes in plants. 

Solar radiation includes, in addition to radiant energy 
in the visible spectrum, longer invisible rays in the 
infrared range and shorter invisible rays in the ultraviolet. 
Both of these areas of the spectrum, although invisible 
to man, are of considerable significance in the" physiology 
of plants. In studying the effects of visible light on plants, 
it is therefore important, by proper filtering, to exclude 
the ultraviolet and infrared wavelengths, which may 
affect the plant. A water filter four centimeters thick, 
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while transmitting the visible wavelengths, effectively 
removes infrared irradiation and its heat effects. Ordinary 
window glass filters out most ultraviolet irradiation. 

In the study of the effects of light in the laboratory, 
it is convenient to use an incandescent lamp with 
tungsten filament as the source of white light, produc¬ 
ing, as it does, a reasonably close approximation to 
sunlight. Light intensity, which is a measure of the 
radiant energy per unit area per unit time, may be 
readily adjusted experimentally by choice and positioning 
of light source—that is, by using a high-intensity or a 
low-intensity lamp or by changing the distance between 
the lamp and the object. Since light intensity varies 
inversely as the square of the distance, it drops off 
sharply with increasing distance from the source. 

By the use of glass filters or gelatin filters mounted 


between glass, it is possible to select certain zones of 
the visible spectrum for transmission and to irradiate 
with fairly pure colors. To achieve monochromatic light 
—that is, light of a narrow wavelength band—is much 
more difficult. It must be remembered that filters, which 
are effective because they absorb light, cut down the 
intensity of radiant energy in varying degree. If one 
wishes to compare the effects of different wavelengths 
on a plant process, it becomes necessary to adjust to the 
same intensity the irradiation obtained by the use of dif¬ 
ferent filters. As a filter absorbs radiant energy, it be¬ 
come heated, and gelatin filters, from this cause, will 
deteriorate with time. (See Appendix 3 for specifications 
for the light sources and filters used in the laboratory 
experiments.) 


appendix 2 Determination of the Standard Deviation 

and the Standard Error 


In plant-physiological research, as in most experi¬ 
mental science, an experiment is planned and designed 
so that, if possible, the result will be used most directly 
for testing the hypotheses that the experimenter had 
in mind when he planned the experiment. Usually his 
question is not about the response of a single plant, but 
about the response of plants in general or, at least, the 
response of a kind of plant of which there are many 
individuals. To study the response of a single plant to a 
given condition will not tell you whether other plants 
of the same type will respond in the same way to that 
condition. In designing his experiment so as to get a 
general answer to his question, the plant physiologist 
frequently uses many plants and thus studies the response 
of a number of individuals to the experimental condi¬ 
tions. He is then forced to use some systematic method 
of handling his numerical data if he is to reach any 
general conclusions. It is for this reason that the experi¬ 
mentalist frequently employs statistical methods as part 
of his work. The statistical method allows him to as¬ 
semble large numbers of numerical data, to classify and 
condense them, and to analyze them in an objective 
way. The chemist, when he studies chemical reactions 
in a test tube, is really using the same method, for any 
reaction involves millions of individual molecules under- 
going similar reactions, and the visible result of the 
reaction is the average change that has occurred in the 
population of molecules. Here the results are usuaWy 
self-evident. The results of biological reactions are seldo 
so clear-cut, and numerical analysis often becomes 

necessary. 


One of the simplest statistical methods available for 
the analysis of numerical data is the determination of the 
variability of a population by the measure known as 
the standard deviation. For any set of measurements of 
plant responses, such as elongation or increase in dry 
weight, one can readily determine an average—that is, 
the simple arithmetical mean obtained when one adds all 
the items together and divides the total by the number 
of individuals used. This is a measure of a central 
tendency. The average is not of much use, however 
unless one knows how typical it is of the individual 
measurements—in other words, unless one knows the 
degree of variation about the average. Compare the two 
sets of figures below: 

Set 1: 1, 9, 12, 18, 50 Mean = 18 

Set 2: 16, 16, 18, 20, 20 Mean = 18 


,e averages for the two sets of figures are the same, 
t clearly the range of variation is so great in the first 
: as to render the average meaningless, whereas tor 
» second set the average is a representative figure. It is 
• this reason that one calculates the standard deviation, 
lich is, to a certain extent, a measure of the reliability 
the average. The example given on the next page pre- 
its calculations for determining the standard deviation 
a set of figures taken from an experiment in whachtotrf 
at length was measured. The steps one follow, m 
lculating the standard deviation may be described 

iefly: 
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determination of standard deviation 

1. Determine the arithmetical mean (x) by adding all 
the individual observations (X 4 ) and dividing the 
total by the number of individuals (N). 

2. Calculate the individual deviation from the mean 

3. Square each individual deviation from the mean 
(Xj-x) 2 . Squaring enables one to deal entirely 
with positive values. 

4. Determine the sum of the squared deviations from 
the mean (—(Xj — 3)-]. 

5. Calculate the standard deviation (s) of the sample 
according to the formula 

N - 1 

Since the standard deviation is used as a measure of 
variation, only the positive sign is utilized. Taking the 
square root enables one to label the standard deviation 
in terms of the original unit of measurement. 


AND STANDARD ERROR 

The standard deviation is used in the attempt to 
determine how representative of a whole population the 
sample you have measured is. In problems of statistical 
estimation, for example, the standard deviation is used 
to measure the possible error of the estimate. The largei 
the standard deviation, the greater will be the error of the 
estimate. Since it is not very meaningful to estimate the 
population mean by a single value, we sometimes esti¬ 
mate by means of an interval. In the example given below, 
we may say with a certain degree of confidence that 

the interval from 59.8 — 4.26/\/20 to 59.8 -+• 4.26/\/20 
contains the average root length of the population. Here 

the quantity 4.26/\/20 t or, more generally, s/\/N, is 
called the standard error of the sample mean. The mean 
plus and minus one standard deviation will encompass 
approximately two-thirds of all the cases observed in 
normally distributed populations. 

Usually, in any experiment, an attempt is made to 
compare treated plants with untreated plants, or controls. 



SAMPLE CALCULATION 


Observation 

Number 

Individual Observation 
(Xj): Root Length in mm 

Deviation from 

Mean (X 4 — x) 

(X. - x) 

X, 

59 

-0.8 

0.64 

X, 

56 

-3.8 

14.44 

X, 

60 

0.2 

0.04 

x 4 

55 

-4.8 

23.04 

X. 

63 

3.2 

10.24 

X. 

65 

5.2 

27.04 

x 7 

70 

10.2 

104.04 

X. 

56 

-3.8 

14.44 

X. 

62 

2.2 

4.84 

x 10 

56 

-3.8 

14.44 

Xu 

58 

-1.8 

3.24 

x„ 

66 

6.2 

38.44 

x u 

63 

3.2 

10.24 

x M 

55 

-4.8 

23.04 

x l5 

56 

-3.8 

14.44 

X,. 

56 

-3.8 

14.44 

x„ 

57 

-2.8 

7.84 

x„ 

63 

3.2 

10.24 

x„ 

64 

4.2 

17.64 

X* 

55 

-4.8 

23.04 


Total 1,195 0 375.80 = S(X 4 - x)* 

Number of individuals ( N ) =20 


Average, or mean (x) = 


1,195 

20 


= 59.8 mm 


N — 1 = degrees of freedom 


/2 (X<_£)* 

Standard deviation of sample = s = - - 

/375.80 
“ \ 19 “ 


V19.77 = 4.20 


19 
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An adequate number of control and treated individuals 
are tested in each series; the mean is determined as well 
as the standard deviation of the sample; and one is then 
in a position to compare the two sets of treatments. If 
the difference between the two sample means is larger 
than two times the standard error of the difference, it may 
be concluded that the difference is not due to chance 
alone, that the treatment was effective in producing a 
particular response, and that similar plants under similar 
treatment could be expected to respond in similar 
fashions. The standard error of the difference of two 
sample means may be computed as follows: 



Where S t and S 3 represent the standard deviations of two 
different samples, N, and N t represent the number of 
individuals in the respective samples, and x» and x» repre¬ 
sent the means of the respective samples. 

The final decision as to whether the experimentally 
treated plants responded differently from the controls 
rests on further analysis of the data by the methods of 
statistical inference. The standard deviations of the two 
separate populations are important measures in this 
process. Determination of the standard deviation is one 
of the first steps, and a useful one, in the analysis of 
numerical data. More elaborate analysis by statistical 
methods is frequently desirable or even essential if one 
is to interpret numerical data properly. 


appendix 3 Information for Scheduling and 

Supplying the Laboratory 


To present to students a well-run, logically organized, 
and successful laboratory course in plant physiology 
requires careful planning and preparation. Particularly 
when classes are large, the laboratory work must be 
scheduled weeks and sometimes months in advance to 
permit the ordering of supplies and growing of plants 
to the proper stage. This appendix contains the infor¬ 
mation necessary for laying out in advance all of the 
laboratory work described in this manual. All experiments 
are listed below in numerical sequence. For each day 
on which the students work on a given experiment, there 
is indicated the time in minutes required for that work as 
well as the plant material, equipment, and reagents 
needed for the work of that day. “Day 0” represents 
the day upon which an experiment is begun; “Day 2” 
represents work performed on the same experiment 2 
days (48 hr) later, and so on. The items following “I” 
are the plant materials, those following “11” the equip¬ 
ment, and those following “III” the reagents, which are 
assembled in convenient and concise form in Tables I, 

II, and III respectively, at the end of this appendix. 
Each table presents a complete list for the course and 
should be useful in preparation of the laboratory. A 
number in parentheses—e.g., marking device (1)—refers 
to a numbered item of the appropriate table, I, II, or 

III. Quantities specified represent amounts per student. 
Quantities are not indicated for such things as ovens, 
balances, and dropping bottles of dyes, of which the 
number needed depends on the size of the class. 
Quantities of reagents include an allowance for waste. 
Plant materials are listed in quantities actually required. 
As a general rule, approximately twice as many seedlings 
should be started as will be required for the students. 
It has been our experience that certain experiments. 


because of the complexity of the procedures or the heavy 
demand on equipment, are most satisfactorily performed 
by a pair of students working together. These experi¬ 
ments are starred ( 0 ). Time allotted to these starred 
experiments applies to performance by the pair. 

The working times are the average times needed by a 
class of 12—16 students working in the laboratory at one 
time. If too few items of equipment, such as balances 
and colorimeters, are available, the time allowance will 
have to be increased. The scheduling by days is based 
on laboratory sections meeting twice a week; the 
sequence for doing work is therefore day 0, day 2, day 
7, day 9, etc.—i.e., at alternate intervals of 2 and 5 
days. If a different timing of laboratory meetings is 
followed, care must be taken to ascertain that the 
intervals between stages of an experiment are appro¬ 
priate for the results desired. The scheduling information 
does not include the time of watering plants or the time 
required for it, but does include the lime needed for 
cleaning up after experiments. The manual contains 57 
experiments. During a semester we usually perform all 
experiments but about ten. The excepted experiments 
vary from one year to another and may be adjusted to 
suit the desires of the instructor. The laboratory schedule 
used by us in the spring term of 1955 will be found 

on p. 147. j a ( 

The detailed specification of equipment needed tor 

each experiment does not include the following items and 
assumes they are always available: 

1. The locker equipment assigned to each student and 

illustrated in Figs. I and II (pp. 2 and 3). 

2. The laboratory, including a hood with steam bath, 
the usual services (hot and cold running wa er. 
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distilled water, vacuum and pressure lines), a wall 
clock with a sweep second hand, a refrigerator wit 
a deep-freeze compartment, and ovens and in¬ 
cubators. An electrically operated vacuum pump or 
a simple water aspirator may be substituted for the 
vacuum line; compressed air in tanks may be user 
in place of a pressure line. The laboratory should 
be provided with adequate protection against the 
common laboratory hazards. Protective equipment 
should include a CO., fire extinguisher and a wall- 
mounted fire blanket. It is also desirable to have a 
convenient eye wash and an emergency shower 

available as laboratory fixtures. 

3. A small room, with temperature maintained at 
25°C, where plants may be grown in the dark. 

4. A second dark room, equipped with tables where 


students may conveniently manipulate plants under 

filtered fights. 

5 A greenhouse. , 

6 A headhouse adjoining the greenhouse and con¬ 
taining soil, sand, pots, saucers, related equipment, 
and bench space where nutrient cultures can be 

prepared. 

7. Student microscopes, lamps, and cover glasses. 

8. A supply of distilled water that has been redistilled 

in a Pyrex glass still. 

We have sometimes indicated specific plant varieties, 
vendors, trade names, etc. These happen to be what we 
use from our local source of supply and in no way imply 
that comparable items from other sources are any less 

satisfactory. 
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LABORATORY SCHEDULE! 
Starred experiments are to be done by pairs. 


Spring Term , 1954—1955 


DATE 

DECIN 

CONTINUE 

COMPLETE 

Feb. 15-16 

Exp 1. 2° 

Exp 2 

Exp 1 

Feb. 17-18 

Exp 3*. 5-A 

Feb. 22-23 

Holiday (5-day measurement of Exp 3 to be omitted) 

Exp 6 

Feb. 24-25 

Exp 6, 7*. 9. 10 

Exp 3, 9 

March 1—2 

Exp 4, 5-B 

Exp 3, 5-A, 7 

Exp 10 

March 3-4 

Exp 8, 11 \12, 14 

Exp 3 

Exp 4, o-A,B 

March 8-9 

March 10-11 

Exp 20-A,B° 

Exp 2, 3, 7, 8 

Exp 8, 9, 12 

Exp 14 

Exp 2, 3, 20 

March 15-16 

Exp 13, 15, 21 

Exp 8 

Exp 7, 21 

March 17-18 

Exp 17°,19° 

Exp 8, 12 

Exp 9, 13 

March 22-23 

Exp 22, 23, 24, 26° 


Exp 8, 22, 24 

March 24-25 

Exp 25 

Exp 12, 17, 19 

Exp 2o 

March 29-30 

Exp 27 

Exp 11. 15, 26 

Exp 23, 27 

March 31 - April 1 

Exp 29, 33, 34-A 

Exp 17, 19 

Exp 12 

April 5-6 

Exp 28 

Exp 11, 26. 29, 33, 34-A 

Exp 28 

April 7—8 

Exp 32* 

Exp 15, 17, 34-A 

Exp 29, 32, 33 

April 12-13 

Exp 35, 36 

Exp 15, 26 

Exp 34-A. 35, 36 

April 14-15 

Exp 37 

Exp 11, 19 

Exp 17, 37 

April 19-20 

Exp 38-A.B, 39, 40 

Exp 15, 19 

Exp 26, 39, 40 

April 21-22 

Exp 41 

Exp 19 

Exp 11, 38-A.B, 41 

April 26-29 

May 3-4 

Exp 42, 43 

Spring Recess 

Exp 42 

May 5-6 


Exp 15 

Exp 17, 19. 43 

May 10-11 

Exp 44, 45 

— 

Exp 44, 45 

May 12-13 

Exp 46 


Exp 46 

May 17-18 

Exp 48, 50, 51 

Exp 15 

Exp 51 

May 19-20 

Exp 52 


Exp 50, 52 

May 24-25 

Exp 54* 

— 

Exp 15, 48, 54 

May 26-27 

Exp 55-A.C, 56 


Exp 55-A.C, 56 

May 31 — June 1 

Exp 55-B, 57 


Exp 55-B, 57 

June 2-3 

Turn in all ungraded reports; clean up and check out. 



I Deviations from the recommended timing for certain experiments were the result of the holidays and of the effort to provide 
a comfortable work load for each meeting of the laboratory sections. 
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KEY TO INSTRUCTIONS 

I. Plant Materials, see table i, p. 151. 

II. Equipment, see table u, p. 152. 

III. Reagents, see table iii, p. 155. 

0 Experiments performed by pairs. 

Exp 1. Day 0 (55 min). I, 7 pea seedlings grown in a 
germinator (13), 6 pea seedlings in a pot (13); II, 18.5 
cm circle of coarsc-gradc filter paper, marking device 
(1), rubber band, 3}" X 4" glass plate (2), applicator 
stick (3), paper towels, several small bottles of ink (4). 
Day 2 (40 min). 

Exp 2.° Day 0 (40 min). I, 60 Alaska pea seeds; II, 
torsion balance (5), test-tube rack (6), oven at 95°C. 
Day 2 (25 min). II, torsion balance (5), 2 small flats 
(7). Day 21 ( 60 min ). II, 250 ml graduate cylinder, wire 
hooks (8), torsion balances (5), oven at 80°C. Day 23 
(20 min). II, torsion balances (5). One torsion balance 
for every 4 pairs of students will do, although more bal¬ 
ances will facilitate the work. One graduated cylinder 
per two pairs of students is adequate. Oven at 80°C 
prevents excessive charring of fresh plant tissues during 
drying. 

Exp 3.° Day 0 (20 min). I, 3 soaked bean seeds (3), 
25 dry bean seeds (3); II, 1 small flat (7), 1 pot label, 
paper towels. Days 5, 7, 12, 14, 19, 21 (10 min each). 

Exp 4. Day 0 (60 min). I, 60 oat seedlings (12); II, 
room illuminated with dim red light (9), cutters (10), 
paraffin blocks (11), torsion balances (5), spatulas for 
dispensing sucrose; III, 20 ml unknowns (100), 2 g of 
CP sucrose, 2 ml of stock 100 ppm indoleacetic acid 
solution (48). Day 2 (15 min). 

Exp 5, part A. Day 0 (15 min). I, 20 oat seeds (12). 
Day 5 (15 min). I, 20 soaked dehusked oat seeds (12); 
II, paper towels, wire-screen holder (12), 2 lb coffee 
can (13). Day 7 (45 min). II, room illuminated with 
dim red light (9), unilateral light set-up (14), single- 
edged razor blades, protractors; III, lanolin paste, lano¬ 
lin paste with 1,000 ppm indoleacetic acid (49). 

Exp 5, part B. Day 0 (15 min). I, 12 soaked com seeds 
(7); II, two 11 cm circles of filter paper, paper towels, 
Petri-dish holder (15). Day 2 (15 min). II, single-edged 
razor blades. 

Exp 6. Day 0 (60 min). II, colorimeters with green 
filters (16), colorimeter tubes (17); III, 1 ml of stock 
100 ppm indoleacetic acid solution (48), 60 ml of Sal- 
kowski reagent (77), 10 ml of unknown (100). One 
colorimeter per 4—8 students. 

Exp 7.° Day 0 (15 min). I, 30 seeds of common gar¬ 
den bean (Phaseolus vulgaris ); II, paper towels, 1 small 
flat (7). Day 5 (10 min). Day 12 (20 min). II, 4 sheets 
of aluminum foil for covering jars unless jars are already 
covered (18), 4 string tags, 250 ml graduated cylinders, 
4 jar lids with holes cut (19), ball of string; III, 200 ml 
of ^-strength Hoagland solution (43), 200 ml of i- 
strength Hoagland solution containing 0.1 ppm indoleace¬ 
tic acid (48), 200 ml of ^-strength Hoagland solution 
containing 1.0 ppm indoleacetic acid (48). Day 19 (30 
min). 


Exp 8. Day 0 (10 min). I, 12 Alaska pea seeds; II, 
one 4" pot and saucer, 1 pot label. Day 5 (10 min). I, 
single-edged razor blades, reinforcement rings (20), ap¬ 
plicator sticks (3); IH, lanolin paste, lanolin paste con¬ 
taining 400 ppm indoleacetic acid (49). Days 7, 12, 14 
(10 min). II, applicator sticks (3); III, lanolin paste, 
lanolin paste containing 400 ppm indoleacetic acid (49). 
Day 19 (20 min). II, slides of cross-sections of treated 
and untreated stems (21), applicator sticks (3). 

Exp 9. Day 0 (20 min). I, 1 Coleus plant (6); II, 
single-edged razor blades, applicator sticks (3), reinforce¬ 
ment rings (20); III, lanolin paste containing 1,000 ppm 
indoleacetic acid (49). Days 7, 14, 21 (10 min). 

Exp 10. Day 0 (50 min). I, 105 cucumber seeds (8); 
II, 7 circles of 9.0 cm filter paper; III, 10 ml of stock 100 
ppm solution of 2,4-dichlorophenoxyacetic acid (28); 
80 ml of M/15 phosphate buffer at pH 5.6 (15), 10 ml 
of unknown (100). Day 5 (30 min). 

Exp 11.° Day 0 (15 min). I, seed mixture of pea (13) 
and mustard (11), seed mixture of barley (2) and radish 
(15); II, two 4" pots, 2 pot labels, 2 small coin envelopes 
(for use of students in carrying and sprinkling seed). 
Days 21-35, depending on weather (15 min). II, hand 
sprayers (22), spray box (23); III, solution of 0.1% di- 
nitro selective herbicide in one sprayer (29), solution of 
0.2% 2,4-D in a second sprayer (28). Days 28-42, 35—49, 
42-56, one day each week for three weeks after spraying 
(10 min). 

Exp 12. Day 0 (10 min). I, 2 tomato seedlings (19); 

II, two 4" pots with saucers, 2 pot labels. Day 7 (10 
min). II, hand sprayer (22); III, 0.4% maleic hydrazide 
solution (52). Days 14, 21 (10 min). Day 28 (15 min). 

Exp 13. Day 0 (60 min). I, 150 dry lettuce seed of 
variety Grand Rapids, 150 soaked lettuce seed of variety 
Grand Rapids (10), 20 seeds of Phacelia nemoralis 
or of other species suggested in footnote to the experi¬ 
ment; II, single-edged razor blades, gummed labels, 7 
circles of 9 cm filter paper, source of red light (24), 
source of infrared rays (25), source of blue light (26); 

III, 5 ml of 40 ppm coumarin solution (23), 5 ml of 
0.5% thiourea solution (95). Day 2 (15 min). 

Exp 14. Day 0 (25 min). I, 20 barley seeds of type 
A (2), 20 barley seeds of type B (2); H, 2 circles of 9 
cm filter paper, single-edged razor blades; HI, 50 ml of 
0.1% tetrazolium chloride (94). Day 5 (10 min). 

Exp 15. Day 0 (25 min). I, 9 small dormant potatoes 
(14); II, 9 half-lb-size brown paper sacks (27), battery 
jars for soaking of potatoes (28), tongs for lifting 
potatoes out of solutions, string, scissors; III, 2% thiourea 
solution (95), 1% methyl ester of a-naphthaleneacetic 
acid solution (59). Days 14, 28, 42, 56, 70, 84 (10 min). 

Exp 16. Day 0 (20 min). I, 2 spinach (or radish) 
plants grown under short-day conditions (17), 2 Biloxi 
soybean (or cocklebur) plants grown under long-day 
conditions (16); II, four 4" pots and saucers, 4 pot 
labels. Day 7 (30 min). II, dissecting microscopes short- 
and long-day control apparatus (29). Day 14 (10 mm). 
Day 35 or 42 (20 min). 

Exn 17. 0 Day 0 (120 min). I, 33 sunflower seedlings 
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(18)- II, eleven 2-quart jars (30), 11 specie corks with 
3 holes (31), aluminum foil (32), stringed tags, scissors, 
cotton, pH meter (33); HI, stock solutions (43), 2,000 
ml of unknown (100). Day 7 (10 min). Day 14 (50 
min). Day 21 (10 min). Day 28 (40 min). II, pH meter 

in greenhouse or headhouse on each day. 

Exp 18.° Day 0 (60 min). I, 21 sunflower seedlings 

(18); II, seven 2-quart jars (30), 7 specie corks with 3 
holes (31), aluminum foil (32), stringed tags, scissors, 
cotton; III, stock solutions (43), 140 ml of stock 1,000 
ppm B in solution of boric acid (13), 2,000 ml of un¬ 
known (100). Day 14 (15 min). Day 28 (30 min). 

Exp 19.° Day 0 (60 min). I, 15 sunflower seedlings 
(18); II, nine 2-quart jars (30), 5 specie corks with 3 
holes (31), 4 specie corks with no holes (31), aluminum 
foil (32), stringed tags, scissors, cotton; III, stock solu¬ 
tions (43). Day 7 ( 10 min). Day 14 (15 min). Day 28 
(45 min). II, hand sprayers (22); III, solution of 0.12% 
Sequestrene NaFe (FeEDTA) (78), solution of 1.0% 
urea (101). Days 30, 35, 37, 42 (10 min). Ill, 1.0% urea 

solution (101). Day 44 (20 min). 

Exp 20, part A. Day 0 (20 min). II, 1 small porcelain 
evaporating dish, universal color charts (34), individual 
indicator color chart (35); III, several dropping bottles 
of universal indicator (46), several dropping bottles of 
individual indicators (46), clear turnip juice (98), 20 
ml of unknown (100). 

Exp 20, part B.° Day 0 (120 min). 11, pH meters 
(33), 50 ml plastic beakers, plastic wash bottles, Mohr 
burette for alkali and standard burette for acid for each 
pH meter, small funnel for each burette, burette stand 
and double burette clamp for each meter. Provide as 
many of the complete set-ups shown in Fig. 13 (p. 50) 
as there are pi I meters available. It is often necessary to 
schedule this experiment for two successive periods, with 
half of the section doing it each time, unless a large num¬ 
ber of pH meters is available. Use of a plastic beaker to 
hold the solution being titrated cuts down on electrode 
breakage. The beaker must be swirled, and students 
invariably hit the electrodes. Ill, 50 ml of unsweetened 
canned grapefruit juice (40), 50 ml of 0.5N HCl (44), 
50 ml of 0.5N KOH (72), 60 ml of unknown (100), 
standard buffer solution supplied with pH meter. 

Exp 21. Day 0 (25 min). II, torsion balances (5), 
spatula, weighing paper; III, flask of soil suspension (for 
entire class) (88), 10 ml of gum acacia solution (41), 
10 ml of arsenious sulfide (6), 0.5 g of solid AlCU, 30 ml 
of 95% ethyl alcohol. 

Exp 22. Day 0 (15 min). II, 2 strips of filter paper 
1" X 22£" long cut from large sheets of Whatman No. 1, 
two 50 ml beakers, one 9 cm filter paper; III, 10 ml of 
0.01M aqueous methylene blue (56), 10 ml of 0.01M 
aqueous indigo carmine (47), dropping bottles of 
eosinate of methylene blue (32). 

Exp 23. Day 0 (15 min). II, nine 13 X 100 mm test 
tubes, 3/4" Scotch tape in dispensers, 1 or 2 test-tube 
racks or baskets for each laboratory section to hold tubes 
in the ovens; III, 9 tubes of 10% gelatin (37), 5 ml each 
of 2% copper sulfate (22), 20% copper sulfate (22), 0.1% 
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methylene blue (56). 0.001M eosin B (31) U.001M 
ervthrosin (33), 0.001M methyl orange (o-). 0.001M 
methylene blue (56), and 0.1* colloidal suspension of 

Congo red (21). Day 7 ( 15 min). 

Exp 24 (50 min). I, 1 fresh beet (4), frozen beets 

(4); II, 1 sharp scalpel, colorimeters and tubes (16); 

III, 20 ml of 30% methanol (55). 

Exp 25. Day 0 (130 min). II, 1 burette stand with a 

standard 50 ml burette, III, 10 ml of standard sodium 
chloride solution (81), dropping bottles of 5* potassium 
dichromate solution (71). 50 ml of 0.02N silver nitrate 
solution (79), 50 ml of unknown (100), 5 ml of ex¬ 
pressed sap (68), 425 ml of pond water (69). 

Exp 26.° Day 0 (110 min). I, 1 fully ripe tomato; 
II, sharp scalpels, forceps, 4 sterile Petri dishes contain¬ 
ing coarse filter paper, 1 test tube containing 10-20 ml 
of sterile distilled water, liter graduates for making up 
nutrient medium, 20 Erlenmeyer flasks ( 12o ml), non¬ 
absorbent cotton for making plugs, cheesecloth for 
wrapping plugs; III, stock solutions for preparing White’s 
medium (102). Day 7 (25 min). II, sharp scalpel, 
transfer needles (36). Day 14 (30 min). II, long narrow¬ 
angled scissors to cut roots inside flasks, transfer needles. 
Day 21 (15 min). Day 28 (30 min). 

Exp 27. Day 0 (70 min). I, leaves of Rhoeo discolor 
or other source of tissue containing pigmented vacuolar 
sap (15a); II, cover glasses; III, 5 ml of each of the 
specified sucrose solutions (91). 

Exp 28. Day 0 (70 min). I, 1 large baking potato; 
II, one 1 cm cork-borer, 500 ml graduated cylinders, 
paper toweling, razor blades, torsion balances (5), 
weighing paper; III, stock sucrose solution (91). 

Exp 29. Day 0 (40 min). I, 14 sunflower seedlings 
10 days old (18); II, 7 specie corks with 3 holes (31), 
500 ml graduated cylinder, cotton; III, 500 ml of 0.5M 
calcium chloride (17). Day 5 (10 min). Day 7 (15 
min). 

Exp 30, part A. # Day 0 (60 min). I, 1 potted plant 
as described; II, knives or pruning shears, one 2-3" 
length of rubber tubing to fit over stump, soft wire, one 
3 ft length of 1-2 mm bore capillary tubing fitted with a 
cork at one end, gummed paper labels; III, 0.1% 
methylene blue (56), 50 ml of saturated sodium chloride 
(81). For the longer experiment (part A,2), a heavv- 
walled bottle, fitted with a rubber stopper assembly, and 
mercury are also needed (Fig. 19-B). 

Exp 30, part B.° Day 0 (30 min). I, 1 potted plant 
like that used in part A; II, 1 short length of rubber 
tubing, soft wire, knives or pruning shears, glass U-tube 
(37). Day 2 (10 min). Day 7 (10 min). 

Exp 31.° Day 0 (180 min). II, bottle containing 
desiccant and several cobalt chloride disks (38); III, 
collodion (20). 

Exp 32.* Day 0 (90 min). I, 1 leafy shoot 12—18" 
high of almost any shrub (we routinely use Aristotclia 
sp); II, 1 potometer (39), 1 rubber stopper, 2 or 3 
household fans, 2 or 3 sets of photoflood lamps mounted 
in reflectors (40), pruning shears; III, Vaseline. 

Exp 33. Day 0 (35 min). I, 2 leafy shoots 18-24" 
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long, preferably mesophytic rather than xerophytic (we 
use Prunus lusitanica ); II, two 2-hole rubber stoppers 
for 16 oz bottles, pruning shears, razor blades, scalpels, 
spatulas; HI, Vaseline. Day 2 (10 min). Day 7 (10 min). 

Exp 34, part A. Day 0 (20 min). II, 4 cans with 
bottoms perforated by numerous holes (41) and covered 
with a 5.5 cm filter paper, shallow containers or pans 
for soaking cans of soil; III, adequate quantities of sand, 
clay, loam, and peat soils. Day 5 (5 min). II, sturdy 
screens on which cans of soil may be placed over pans 
for draining. Day 7 (10 min). II, drying oven at 105°C. 
Day 12 (10 min). II, triple-beam balances. 

Exp 34, part B. Day 0 (20 min). I, one 10-day-old 
sunflower seedling (18); II, 1 lb coffee can, triple-beam 
balances, cotton, corks for small hole, coffee-can cover 
with a 1/2" hole in the center and a 3/8" hole about 1" 
from the perimeter. Timing of this experiment is de¬ 
pendent on local conditions. The moist chamber needed 
to test for permanent wilting can be a belljar or a 
wooden box or any other reasonably tight container in 
which there are open pans or dishes of water. 

Exp 35. Day 0 (60 min). I, 1/4 head of cabbage; II, 
food-grinder (43), lamp providing narrow beam of light 
in a dark room, cover slips, dialyzing tube 7" long and 
5/8" in diameter (42), linen thread, triple-beam balances, 
weighing paper; III, 15 ml of 1% glucose (38), 2 g of 
sucrose, 5 ml of 95% alcohol, 1 ml of 1% sodium chloride 
(81), dropping bottles of concentrated nitric acid, 
dropping bottles of 10% silver nitrate (79), solid am¬ 
monium sulfate. 

Exp 36. Day 0 (60 min). I, 1 small potato; II, paring 
knives, food-grinder (43), double cheesecloth about 5" 
square, 1 Buchner funnel and filter paper, 4 corks to fit 
small test tubes, 1 spot plate; III, 10 ml of 0.2% glucose 
(38), 5 ml of glucose-l-phosphate (39), 5 ml of 0.21M 
potassium phosphate buffer at pH 7.2 (74), 5 ml of 0.2% 
soluble starch (89), 30 ml of 0.01N neutralized potas¬ 
sium cyanide (70), 8 ml of Benedict's solution (9), 
dropping bottles of I S KI solution (73). 

Exp 37. Day 0 (120 min). I, fifteen 5-day-old barley 
seedlings (2); II, quartz sand, centrifuge with 50 ml 
cups (44), spot plate, 100 ml volumetric flask, color¬ 
imeters (16), mortar and pestle, four 50 ml beakers, 5 
ml volumetric pipette; III, 60 ml of 0.4% soluble starch 
(89), dropping bottles of I,KI solution (73), 25 ml of 
I,KI solution (73). 

Exp 38, parts A and B. Day 0 (40 min). I, 1 leaf of 
variegated geranium, 1 leaf of iris, 9 etiolated corn 
leaves (7); II, four 50 ml beakers or half-pint jars (45); 
III, 95% ethyl alcohol, 10 ml of I.KI solution (73), 30 
ml each of 0.5M sucrose (91), glucose (38), and fructose 
(36). Day 2 (15 min). Ill, 10 ml of I,KI solution (73). 

Exp 38, part C. Day 0 (15 min). I, 5 soaked bean 
seeds (3). Day 28 (approximately) (30 min). II, ap¬ 
plicator sticks (3), drafting tape, steam jet (62); III, 
95% ethyl alcohol, I 2 KI solution (73). Day 30 (20 min). 
Ill, 95% ethyl alcohol, I,KI solution (73). Day 35 (20 
min). Ill, 95% ethyl alcohol, I,KI solution (73). 

Exp 39. Day 0 (50 min). I, one-half yeast cake (21); 


II, centrifuge (44), incubator set at 30°C; III, 75 ml 

of 2% sucrose (91), 25 ml of Benedict’s solution (9), 
pinch of resorcinol, dropping bottles of 25% HC1 (44), ( 

5 ml of 0.5M fructose (36). 

Exp 40. Day 0 (25 min). I, 0.1 g of powdered violet 
leaves (20); III, 5 ml of 0.25% xylose (103), 5 ml of 
0.25% glucose (38), 10 ml of Bial’s reagent (12), 10 ml 
of 4% benzidine (11), 20 ml of 95% ethyl alcohol, 20 ml 
of 12% HC1 (44). 

Exp 41, parts A and B. Day 0 (60 min). I, cross- 
sections of woody tomato stem cut 40 microns thick on 
freezing microtome; II, surgical cotton; III, 5 ml of con¬ 
centrated H,S0 4 , 20 ml of 10N NaOH (82), 50 ml each 
of 0.5% sucrose (91), 0.5% glucose (38), 0.5% fructose 
(36), and 0.25% xylose (103), 15 ml of Benedict’s 
solution (9), 5 ml of 25% HC1 (44), pinch of resorcinol, 

5 ml of Bial’s reagent (12), dropping bottles of 1% iron 
chloride (50), I 2 KI solution (73), 75% H s S0 4 (92), 
dropping bottles of 1% phloroglucinol in alcohol (67), 
dropping bottles of concentrated H 2 S0 4 , 25 ml of potas¬ 
sium permanganate solution (73a), dropping bottles of 
2N ammonium hydroxide (4). 

Exp 41, part C. Day 0 (40 min). I, 50 ml of apple 
juice (1), Buchner funnel with filter paper, spatula; 

III, 200 ml of 75% ethyl alcohol (34), 3 ml of benzidine 
solution (11), 4 ml of 2N NaOH (82), 2 ml of con¬ 
centrated HC1, 2 ml of 0.5M calcium chloride solution 
(17), dropping bottles of phenolpthalein solution (66). 

Exp 42. Day 0 (60 min). I, 15 g of germinating pea 
seeds (13); H, manometer (46), 10 ml burette flared A 
at open end for volume determinations, triple-beam 
balances; HI, 10 ml of 10N NaOH (82), dropping bot¬ 
tles of methylene blue (56), 5 ml of Brodie solution for 
volume determination (14). 

Exp 43. Day 0 (20 min). I, 60 g of soaked pea seed 
(13); H, 5 solid rubber stoppers to fit 16 oz bottles, 
triple-beam balances, four 6" cheesecloth squares, string, 
scissors; IH, 300 ml of 0.2N NaOH (82). Day 2 (70 
min). H, 50 ml burette and stand; HI, 30 ml of barium 
chloride solution (8), dropping bottles of phenolphthalein 

solution (66), 100 ml of 0.1N HC1 (44). 

Exp 44.* Day 0 (60 min). I, 10 germinating white 
bean seeds (3); H, mortar and pestle, centrifuge (44), 

4 colorimeter tubes (each fitted with stopper and glass 
and rubber tubing as shown in Fig. 29 on p. 109), 4 screw 
clamps, colorimeters (16); III, 10 ml of 0.25M sodium 
phosphate buffer at pH 6.8 (85), 5 ml of 0.125M sodium 
succinate (86), 5 ml of gelatin solution (37), 1 ml of 
2 , 6 -dichlorophenol-indophenol solution (26), 5 ml of 
0.01M silver nitrate (79), 5 ml of 0.01M malonic acid 
(53), 30 ml of ice-cold 0.4M sucrose (91). 

Exp 45, part A. Day 0 (45 min). I, 10 germinating 
white bean seeds 3 days old (3); H, mortar and pestle, 
centrifuge (44), spectroscopes (47), Bunsen burners, 
gooseneck lamps, wire loops and ring stand for cyto¬ 
chrome absorption band observations (48); HI,.10 ml of 
0.0001M cytochrome c (25), potassium cyanide (/U>, 

2 ml of 0.001M sodium azide (80), 1 ml of 1% a-naphtho | 
in 95% ethyl alcohol (60), 1 ml of 1% aqueous dimethyl- 
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p-phenylenediaminc HCl (27), small bottle of NaOH 
(1 per spectroscope) (82). 

Exp 45, part B. Day 0 (50 min). I, small potato; II, 
small paring knives for peeling and slicing potatoes, 
mortar and pestle, centrifuge (44); III, 200 ml of 9o1 
ethyl alcohol, dropping bottles of 0.1M potassium cyanide 
(70), 5 ml of 1% catechol (19), 2 ml of 2" gum 
guaiacum in alcohol (42), 15 ml of 0.001N1 suspension 
of tyrosine (99). 

Exp 46. Day 0 (120 min). I, 20 bean plants 2-3 
weeks old (3); II, 10 test tubes 13 X 100 mm, mortar 
and pestle, gas-collecting apparatus (49); HI, 30 ml of 
each buffer solution plus extra quantity of pll 7.2 for 
trial runs (15), 6 ml of 3$ hydrogen peroxide (45). 

Exp 47. Day 0 (30 min). I, one-half cake of yeast 
(21); II, mortar and pestle, 2 fermentation tubes (50), 
oven at 30°C, bent pipettes for introducing KOH into 
fermentation tubes (51); III, HO ml of 101 glucose 
(38), 5 ml of 101 KOH (72). Day 2 (30 min). II, 
Buchner funnel and filter paper to fit; III, 2 ml of 101 
KOH (72), dropping bottles of I,KI solution (73). 

Exp 48. Day 0 (15 min). II, glass column with glass- 
wool plug (52), sand with small amount of soil to fill 
soil columns (53), spot plate; III, 200 ml of 0.21 am¬ 
monium sulfate (5), dropping bottles of Nesslers reagent 
(61), sulfanilic reagent (93), diphenylamine sulfate 
reagent (30). Day 7 (15 min). II, spot plate; III, 
dropping bottles of Nessler’s reagent (61) and sulfanilic 
reagent (93) and diphenylamine sulfate reagent (30). 

Exp 49. Day 0 (20 min). I, 3 tomato seedlings (19); 
III, plentiful supply of ^-strength Hoagland solution 
(43). Days 35-49, depending on growth of plants and 
results of nitrate test (15 min). Ill, 60 ml of 0.01M 
calcium nitrate (18), 60 ml of 0.01M ammonium sulfate 
(5), dropping bottles of diphenylamine sulfate reagent 
(30). Days 35-49 plus 2 (30 min). Ill, dropping bottles 
of diphenylamine sulfate reagent (30), dropping bottles 
of Mi lion’s reagent (58). Days 35-49 plus 7 (15 min). 
Ill, dropping bottles of diphenylamine sulfate reagent 
(30) and of Millon’s reagent (58). 

Exp 50. Day 0 (35 min). II, sheet of Whatman No. 1 
filter paper 61" X 8fc", solid glass rods of 2 mm diameter 
for spotting paper, long stapler (54), 2-quart Mason jar 
and lid, apparatus in hood for drying paper (55), 
aluminum foil (56); III, solution of amino acid mixture 
of asparagine, leucine, and proline (3), solution of 
asparagine (7), solution of leucine (51), solution of pro¬ 
line (75), 1 ml of unknown (100), 50 ml of solution of 
butanol and glacial acetic acid and water (4:1:1) (16). 
Day 2 (15 min). II, sprayers (57), oven at 80°C, paper 
toweling; III, ninhydrin solution (62). 

Exp 51. Day 0 (75 min). I, 5 g of bean meal (3); 
H, triple-beam balance, weighing paper; III, 20 ml of 
0.001M tyrosine (99), 20 ml of 0.001M tryptophan 
(97), 20 ml of 0.001 M cysteine hydrochloride (24), 
20 ml of 21 gelatin (37), 5 ml of 10N NaOH (82). 
dropping bottles of 11 copper sulfate (22), 10 ml of 
101 mercuric sulfate in 101 HSO. (54), dropping bottles 
of 11 sodium nitrite (83), 0.081 formalin (35), 101 
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mercuric sulfa.c in 10* H.SO. (54), 5 ml of concentrated 
H SO 0 ml of 21 sodium nitroprusside (84), dropping 
bottles of 10N NaOH (82), 15 ml of unknown (100). 

Exp 52. Day 0 (100 min). II, triple-beam balances 

and weighing paper, centrifuge (44), incubator at 3o°C, 
Mohr burette and burette stand, small short-stemmed 
funnel for filling burettes; III, 2.5 g of powdered papain 
(64), 50 ml of pH 7.0 phosphate buffer (15), 100 ml 
of 51 gelatin (37), 10 ml of 0.001 M sodium sulfide (87), 
10 ml of 0.01M hydrogen peroxide (45), 50 ml of 
neutralized formalin (35), dropping bottles of phenol- 
phthalcin (66), 150 ml of 0.1N NaOH (82). 

Exp 53. Day 0 (75 min). I, 25 soaked castor bean 
seeds (5); II, mortar and pestle, centrifuge (44), in¬ 
cubator at 37°C, Mohr burette and stand; HI, 3 ml of 
olive oil, 3 ml of ammonium buffer (15), 1 ml of 21 cal¬ 
cium chloride (17), 1 ml of 31 albumin solution (2), 1 
ml of thvmolphthalein (96), 50 ml of 0.5N KOH (72). 

Exp 54.• Day 0 (120 min). I, sprig of Elodea (9); II, 
Audus microburette (58), photoflood lamp, yardsticks; 
III, pond water supplemented with 0.51 sodium bicar¬ 
bonate (69). 

Exp 55, part A. Day 0 (90 min). I, 2.5 g of dried 
ground spinach (17); II, Buchner funnel and filter paper, 
500 ml separatory funnel, triple-beam balances and 
weighing paper, brown bottles for collecting separated 
pigments, “No Smoking” signs in laboratory; III, 50 ml 
of 801 acetone (1), 60 ml of petroleum ether, 60 ml of 
921 methyl alcohol (55), 60 ml of ethyl ether, 25 ml 
of 301 KOH in methyl alcohol (72). 

Exp 55, parts B and C. Day 0 (20 min). II, spectro¬ 
scopes and accessory equipment (61); IU, dropping 
bottles of chlorophyll a, chlorophyll b, carotene, and 
xanthophyll collected in part A. 

Exp 56. Day 0 (30 min). I, 2.5 g of dried ground 
spinach (17); II, chromatographic tube (59), large-bore 
glass funnel for adding powder to tube, packing rod 
(60), triple-beam balances and weighing paper; III, 60 
ml of petroleum ether, 50 ml of 1:1 petroleum ether 
and benzene (65). 

Exp 57. Day 0 (120 min). I, 30 g of fresh spinach 
leaves; II, Waring Blendor, 6" cheesecloth squares for 
filtering, centrifuge (44), colorimeters (16), cover glasses, 
triple-beam balances and weighing paper; III, 60 ml of 
ice-cold 0.5M sucrose (91), 40 ml of 101 propylene 
glycol (76), 40 ml of 0.4M potassium phosphate buffer 
at pH 6.5 containing 0.08N1 potassium chloride (74), 2 
ml of 0.11 2,6-dichlorophenol-indophenol (26). 


Table I. Plant Materials 

1. Apple (Pyrus malus). Purchase apples at local mar¬ 
ket. Exp 41, part C: Extract juice with food-grinder 
(item 43, Table II). 

2. Barley (Hordeum vulgare). Use any high-viability 
seed. Exp 14: Type A consists of viable seed, type 

- B of known proportions of viable and dead seed. 
Kdl seed by boiling in tap water for 5 min, and 
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then air-dry thoroughly. Exp 37: Grow for 5 days 
at 25°C in the dark in standard germination trays 
(see Tips on Handling Plants, pp. 6-8). 

3. Bean ( Phaseolus vulgaris). Exp 3, Exp 38-C: Soak 
variety Bountiful (straw-colored bean) overnight in 
tap water. Exp 44, Exp 45-A: Germinate white bean, 
such as U.S. No. 4 Asgrow, between layers of moist 
paper toweling for 3 days at 25°C. Exp 46: Seed 
flats of sand with Bountiful bean, grow in the dark 
at 25°C until germinated, and then move to green¬ 
house for 2-3 weeks. Exp 51: Grind variety Bounti¬ 
ful in Wiley mill (see item 63, Table II). 

4. Beet ( Beta vulgaris). Exp 24: Put several beets in 
deep freeze 48 hr before needed. After 24 hr move 
into refrigerator to thaw. 

5. Castor bean ( Ricintis communis). Exp 53: Put castor 
beans between layers of paper towels. Wet with hot 
tap water, and germinate for 3 days at 25°C in the 
dark. 

6. Coleus ( Coleus blumeri). Exp 9: Between 6 and 8 
weeks before needed, make stem cuttings containing 
at least 3 nodes. Place 1 cutting directly in good 
garden soil contained in a 4" pot, and grow in the 
greenhouse. 

7. Corn (Z ea mays var saccharata) . Exp 5-B: Soak corn 
kernels, such as Kingscrost, overnight in distilled 
water. Exp 38-B: Grow corn in flats of sand in the 
dark at 25°C for 2-3 weeks. 

8. Cucumber ( Cucumis sativus). Exp 10: Variety 
Marketeer has been satisfactory. 

9. Elodea ( Elodea canadensis). Exp 54: Obtain from 
natural growths in ponds, or purchase at local pet 
shop (carried by such stores for stocking fish ponds). 

10. Lettuce ( Lactuca sativa). Exp 13: Soak variety 
Grand Rapids in distilled water in the dark for 16 hr. 

11. Mustard ( Brassica sp). Exp 11: Any good seed such 
as Fordhook Fancy. 

12. Oat ( Avena sativa). Exp 4: Soak in running tap 
water for 5 hr, and then grow in standard gerininator 
(see Tips on Handling Plants, pp. 6-8) with tap water 
in the dish for exactly 5 days in the dark at 25°C. 
Exp 5-A: The dehusked grains returned by students 
are soaked for 24 hr before use in aerated distilled 
water at 25°C. Aeration may be provided by bub¬ 
bling air from building pressure line through the 
water. 

13. Pea ( Pisum sativum). Use variety Alaska in all ex¬ 
periments. Exp 1-A: Soak in tap water for 1 hr, and 
then grow in standard germinator (see Tips on Han¬ 
dling Plants, pp. 6-8) with tap water in the dish for 5 
days at 25°C in the dark. Exp 1-B: Plant 10 seeds 
in 4" pot containing washed river sand, and grow 
for 5 days in the dark at 25°C with adequate 
watering. Exp 42: Soak in tap water for 1 hr, and 
then grow in standard germinator for 3 days at 25°C 
in the dark. Exp 43: Soak seed overnight in tap 

water. 

14. Potato ( Solanum tuberosum). Exp 15: The experi¬ 
ment is most successful with dormant potatoes. It 


can also be done with nondormant potatoes since 
one of the treatments is to induce dormancy. It is 
helpful to know the time of harvest and the sub¬ 
sequent treatment. 

15. Radish ( Raphanus sativus). Exp 11: Any seed of 
good quality will do. 

15a. Rhoeo ( Rhoeo discolor). Exp 27: Plants are avail¬ 
able as ornamentals from florists and are readily 
propagated from shoot pieces. 

16. Soybean ( Glycine soja). Exp 16: Use variety Biloxi, 
and grow in flats of soil under long-day conditions 
(16 hours light, 8 hours dark) for 1 month. 

17. Spinach ( Spinacia oleracea). Exp 16: Plant any seed 
of good quality in flats of soil, and grow for 1 month 
under short-day conditions (8 hours light, 16 hours 
dark). Exp 55-A, Exp 56: Purchase spinach at local 
market, dry with frequent turning in the sun, and 
grind in the Wiley mill (see item 63, Table II). 

18. Sunflower ( Helianthus annuus). Exp 17, Exp 18, 
Exp 19, Exp 29: Seed flats of sand with seed of good 
quality 10 days before plants are needed, germinate 
at 25°C in the dark until the hypocotyls appear, then 
move to the greenhouse. Exp 34-B: Seedlings should 
be grown in loam soil to be used in experiment. 

19. Tomato ( Lycopersicum esculentum) . Variety Pearson 
S is satisfactory. Exp 12: Seed flats of soil 1 month 
before plants are needed, germinate at 25°C in the 
dark, then move to greenhouse. Exp 49: Seed flats 
of sand 1 month before plants are needed, germinate 
at 25°C in the dark, then move to the greenhouse. 

20. Violet ( Viola cucullata). Exp 40: Dry and grind 
leaves of ordinary garden violets. 

21. Yeast ( Saccharomyces cerevisiae). Exp 39, Exp 47: 
Use the cake yeast sold in grocery stores. 


Table II. Equipment 

1. Exp 1: The marking device is made by bending a 
jumbo-size paper clip into the shape shown in Fig. 
1-B on p. 16. Tie No. 70 white thread across the 

free ends. 

2. Exp 1: Use new or reclaimed standard-size clear glass 

lantern-slide plates, 3^" X 4". 

3. Exp 1, Exp 8, Exp 9, Exp 38-C: Medicinal wood 

applicators made for the medical profession for swab¬ 
bing. They are about fc" in diameter and 6" long. 
Use to apply ink to the thread of the marking device 
and in later experiments to apply pastes to plant 

4. Exp 1: The most useful ink we have found is the 

indelible marking ink used to ink stamp pads. 

5. Exp 2, Exp 4, Exp 21, Exp 28: Laboratory mode 

torsion balance with a sensitivity of 0.01 g and direct 

reading to 0.1 g is desirable. 

6. Exp 2: Test-tube rack is located in oven to receive 

test tubes with plants to be dried. 

7. Exp 2, Exp 3, Exp 7: Redwood flats 14 long, 71 



SCHEDULING AND SUPPLYING THE LABORATORY 


[ Table II ] 


153 


wide, and 3)" deep, just half the size of a standard 
flat. 

8. Exp 2: Make simple hooks from straight wire. Use to 
pull plants out of cylinder. 

9. Exp 4, Exp 5-A: Light is provided by 25-watt ruby- 
red incandescent lamps in gooseneck or other 
holders. 

10. Exp 4: A cutter consists of 2 single-edged safety- 
razor blades spaced 10 mm apart by 10 brass washers 
1 min thick, with washers and blades mounted on 2 
brass bolts. Two metal end plates also inserted on 
the bolts hold the unit together as shown in Fig. 4 
on p. 21. If the safety backs are pried off the blades, 
the backs can then be slipped over the sharp edges 
to protect them when the cutter is not in use. 

11. Exp 4: A standard piece (2i" X 5" X 5 8") of 
household canning paraffin (dimensions unimpor¬ 
tant) on which the cutting with the razor blades is 
done. 

12. Exp 5-A: Wire screen holders are made of brass hard¬ 
ware cloth, 8 mesh, market grade. Cut and bend to 
the shape shown in Fig. 6-A on p. 23. They are IS" 


21. Exp 8: If slides are used, they have to be made 
locally. 

22. Exp 11, Exp 12, Exp 19: One-quart, Hudson-type, 

hand-operated insect-sprayer. 

23. Exp 11: To protect surrounding vegetation and fel¬ 
low students, pots of plants should be placed within 
a box open on one side. Student sprays into box 
while standing outside (Fig. 10 on p. 32). 

24. Exp 13: Use a da\ light fluorescent lamp fitted with 
a Corning Signal Red or comparable glass or gelatin 
filter or a 25-watt ruby-red incandescent lamp. 

25. Exp 13: Use a 100-watt incandescent lamp fitted 
with a Corning Deep Red No. 2600 filter. Place 
material 18" from lamp. 

26. Exp 13: Use a daylight fluorescent lamp fitted with 
a blue gelatin filter. Gelatin filters of a variety of 
colors can be purchased from most theatrical supply 
companies. Mount the gelatin sheet between panes 
of window glass, and bind loosely with masking tape. 
One can readily determine the transmission of such 
gelatin filters by cutting a small strip and running 
an absorption spectrum determination with a spectro- 


high, 2j" long, and 3»" wide. Anchor cut edges with photometer. 

solder. 27. Exp 15: Paper sacks can be purchased from local 


13. Exp. 5-A: Two 1 lb coffee cans or any other contain- grocery store supply house. 

ers will do as long as they will keep the seedlings 28. Exp 15: Battery jars are for holding solutions in 
dark. which potatoes are soaked. Students select their 


14. Exp 5-A: A microscope lamp in a darkened room 
can serve as a source of unilateral light. 

15. Exp 5-B: The Petri-dish holder is a box divided into 
narrow channels by strands of heavy wire so that the 
Petri dishes can be held on edge in position. One 
holder can serve several students. 

16. Exp 6, Exp 24, Exp 37, Exp 44, Exp 57: The Klett- 
Sommerson colorimeter is satisfactory. Fit with stand¬ 
ard green filter, which can be purchased with the 
instrument. An adequate supply of colorimeter tubes 
should be maintained. 

17. Exp 6: Six colorimeter tubes should be provided 
with each instrument. Even better is a large enough 
supply so that each student can prepare his samples 
directly in colorimeter tubes. Avoid scratching of 
tubes. 

18. Exp 7: We have found the painting of jars for water 
culture work a continuous and expensive burden. In¬ 
stead, we wrap them in aluminum foil (dead soft, 
12" X 18", 0.0015 gauge, is a size sold by any 
aluminum fabrication plant). For the half-pint jars 
cut foil into strips 45" X 12". Wrap around jar and 
make a double-folded seam down the side. Fold foil 
carefully across bottom of jar. This covering will last 
through many uses of the jars if students are reason¬ 
ably careful. 

19. Exp 7: Drill five 1/4" holes into disposable metal 
Mason jar lids supplied with jars when purchased. 
Students have screw rings for holding lids to the jars 
as part of their locker equipment. 

20. Exp 8, Exp 9: Dennisons No. 3 gummed reinforce¬ 
ment rings. 


potatoes, and then several, the number depending 
on size of jar, soak potatoes at one time with no at¬ 
tempt to keep track of their own potatoes. 

29. Exp 16: This experiment is most easily performed 
during the time of year when days are naturally 
shortest, with about 8 hr daylight, 16 hr dark. Under 
these conditions artificial darkening is not needed. 
Long-day treatment is readily provided by arti¬ 
ficial lighting controlled automatically by a time- 
clock switch. Plants on long and short days must, of 
course, be separated. Hundred-watt incandescent 
lamps or warm white fluorescent lights provide ade¬ 
quate supplemental illumination. If the experiment 
cannot be performed during naturally short days, 
simple blackout arrangements can be designed with 
light-proof black curtains rolled over a greenhouse 
bench and operated manually twice each day. 

30. Exp 17, Exp 18, Exp 19: Standard 2-quart canning 
jar. In purchasing, be sure the mouth is of size to 
take standard specie cork (item 31). 

31. Exp 17, Exp 18, Exp 19, Exp 29: Specie, or jar, 
corks. Round, 2f" lower diameter, 23" upper diam¬ 
eter, 5/8" thick. Holes approximately 3/8" in diam¬ 
eter can be cut with drill press. 

32. Exp 17, Exp 18, Exp 19: Same foil as specified in 
item 18. Use full uncut sheet for each jar. 

33. Exp 17, Exp 20-B: A pH meter (preferably line- 
operated) is needed in the greenhouse (in shade) or 
in headhouse for the duration of the experiment. We 
use the Beckman Model 11-2 (Beckman Instrument 
Company, South Pasadena, California). Colorimetric 
determination of pH (Exp 20) may be used. 
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34. Exp 20-A: The Universal Wide Range Indicator 
Chart is sold by the Hartman-Leddon Company, 
5819-21 Market Street, Philadelphia 39, Pennsyl¬ 
vania. 

35. Exp 20-A: Color charts of the individual indicators 
can be purchased from The Williams & Wilkins Com¬ 
pany, Mount Royal Avenue, Baltimore 2, Maryland. 
Ask for “Color Chart of Indicators,” which is re¬ 
printed from W. Nl. Clark’s The Determination of 
Hydrogen Ions. 

36. Exp 26: The transfer needle is a standard bacteri¬ 
ological needle-holder fitted with a short length of 
chromel wire shaped like a button hook. The root 
segments adhere to the wire, with the lower end 
supported by the hook. 

37. Exp 30-B: The U-tube is diagramed in Fig. 19-C on 
p. 66. It is made of 5 mm glass tubing and of such 
size as to reach from the stump to the cylinder. 

38. Exp 31: Use any suitable wide-mouthed bottle 
closed with a rubber stopper. The cobalt chloride 
disks rest in the bottles on an inch or two of anhy¬ 
drous CaCl, or other desiccant. The disks are illus¬ 
trated in Fig. 20 on p. 68. Soak 1 cm circles of 
filter paper in 3% cobalt chloride. Squeeze out excess 
solution, and dry at 40°C. Fold a 1.5 X 8 cm piece 
of clear celluloid to form two 4 cm arms. Bind the 
disks on the inside of each arm at the open end with 
gummed reinforcement rings. 

39. Exp 32: The potometer is illustrated in Fig. 21 on p. 
70. The dimensions for constructing follow. The 
capillary, 18 cm long, ends in a 2 cm vertical down¬ 
ward section in the outer face of which is a hole into 
the tube. The other end is fused to 1 cm tubing, 
which continues horizontally for 3 cm, where it 
branches downward into a 6 cm foot, which rests in 
a hole in a wood block, upward into a stopcock 
(8 cm), followed by 10 cm of 15 mm tubing, and 
horizontally for 6 cm, after which it turns upwards 
to terminate in 5 cm of 2 cm tubing. 

40. Exp 32: Mount photographic photoflood lamps in 
suitable reflectors. Cover open end of reflector with 
wire screen to prevent accidental injury if lamps 
are broken. Protect bench top from heat with as¬ 
bestos pad. 

41. Exp 34-A: The cans are of the size (4£ oz) in which 
baby foods are packed. Punch 10-12 holes in the 
bottom from the inside to the outside. The latter 
precaution permits complete drainage. 

42. Exp 35: The tubing is the standard commercial cellu¬ 
lose dialyzing tubing sold by chemical and apparatus 

supply houses. 

43. Exp 20-A, Exp 25, Exp 35, Exp 36, Exp 41-C: Tur¬ 
nip juice apple juice, cabbage juice, Nitella sap, or 
juice frof i other vegetable or fruit products may be 
prepared with a standard hand-operated food- or 
ireat-grinder. The juice from the ground-up pulp 
jnould be squeezed through cheesecloth and then 
filtered through coarse-grade filter paper in a Buch¬ 
ner funnel. We have also found useful the Vita- 


juicer manufactured by California Electric Motors, 
Burbank, California. 

44. Exp 37, Exp 39, Exp 44, Exp 45, parts A and B, Exp 
52, Exp 53, Exp 57: Adequate for all needs is any 
centrifuge that will carry 4 or more 50 ml samples. 
International model size 2 fitted with an 8-place 
combination head is satisfactory. The small table- 
model clinical centrifuge or a hand-operated centri¬ 
fuge can be used with smaller-volume samples. 

45. Exp 38-A,B: We use standard half-pint Mason jars 
without lids. 

46. Exp 42: The manometer is illustrated in Fig. 27 on p. 
100. A 250 ml suction flask is placed on a shelf about 
2 ft above the bench top. A vial approximately 
15 X 35 mm holds the alkali. After adding the alkali, 
seal vial with a glass marble chosen to fit snugly 
with about a third of the marble below the lip of 
the vial. Lower sealed vial into flask by a piece of 
string looped around the bottom, the middle, and the 
top of the vial. Leave string in the flask. The side 
arm of the suction flask connects to the short arm of 
an L-shaped, 1 mm capillary tube. The long arm is 
immersed in the beaker of dye located on the bench 
top. 

47. Exp 45-A: A student spectroscope such as the Bausch 
and Lomb Bunsen. 

48. Exp 45-A: Place a rectangular glass cell or test tube 
containing lO^M cytochrome c in front of slit of 
spectroscope. A 10 ml sample will suffice for the 
entire class. 

49. Exp. 46: The gas-collecting apparatus consists of a 
22 X 175 mm test tube into which is inserted a 
13 X 100 mm test tube containing the hydrogen per¬ 
oxide. Close the outer test tube with a one-hole 
rubber stopper through which runs a piece of 5 mm 
tubing bent as shown in Fig. 31 on p. 113. The end 
of this tubing projects into the inverted 10 mm 
graduated cylinder. As the oxygen is released, the 
water in the cylinder is displaced. 

50. Exp 47: These are standard fermentation tubes with 
base, used for the examination of water and sewage. 

51. Exp 47: Bend the end of a 3 mm volumetric pipette 
so that the alkali can be introduced at the surface of 
the liquid in the tubular part of the fermentation 


tube. 


IUUC. 

Exp 48: The glass column is a glass tube of 2 d mm 
diameter, 300 cm long, tapered at the bottom, and 
terminating in 10 cm of 7 mm tubing (Fig. 33 on 
p. 119). Insert a layer of glass wool over a perforated 
porcelain disk inside the column in the tapered por¬ 
tion to prevent soil from falling through. 

Exp 48: Mix about 1 part of good loam soil with 

5 parts of washed river sand. 

Exp 50: The large stapler has an 8-10" arm so tha 
the full length of the paper cylinder can be reache 
by the head of the stapler. 

Exp 50: The drying apparatus consists of horizontal 
glass rods held by clamps to vertical metal poles 
(Fig. 34 on p. 122). Space glass rods far enough 


< 


SCHEDULING AND SUPPLYING THE 

apart vertically so that papers can be held by clips 
at the top and the bottom. Use stainless steel clips 
(sold by companies supplying chromatographic 
equipment). 

56. Exp 50: Place a piece of aluminum foil over mouth 
of jar before screwing on lid. to prevent corrosion of 
lid. 

57. Exp 50: Although expensive and subject to breakage, 
the all-glass sprayers operating off the pressure line 
are most satisfactory. Less expensive metal sprayers 
corrode quickly and are a source of constant trouble. 
Place sprayers in weighted metal cans where they 
can’t tip over when not in use. The pressure should 
be set for the entire session of the laboratory section 
and not subject to change by the students. 

58. Exp 54: The Audus microburette is illustrated in 
Fig. 35 on p. 133. The perforated tube open at the 
bottom end is 18 mm in diameter and 13 cm long. It 
tapers to a 2 mm bore capillary, which continues 
vertically for 5 cm and then horizontally for 12 cm, 
terminating in a h. The upper vertical tube of the 
-H, of 9 mm diameter, is 12 cm long and has a 28 
mm bulb in the center. The lower 7 mm vertical 
tube is 3 cm long. The upper tube opens to the 
atmosphere through a piece of rubber tubing and 
can be sealed with the pinch clamp. The lower tube 
is sealed with a glass plug in the terminating rubber 
tubing. The lower screw clamp serves to change the 
volume in the system. 

59. Exp 56: Suitable are the powder column type of 
chromatographic tubes, of 350 mm over-all length 
and with fritted disk of 10 mm diameter. 

60. Exp 56: One can easily make a suitable packing rod 
by attaching a rubber stopper of appropriate size to 
the end of a wooden dowel. Commercial packing rods 
can be purchased. 

61. Exp 55-B: The same as item 47. Concentrate pig¬ 
ments collected from Exp 55-A, and put into drop¬ 
ping bottles, which are then placed on a stand of ap¬ 
propriate height so as to be between light source and 
spectroscope. Alternatively, make a much more con¬ 
centrated extract according to the procedure of Exp 
55-A, by using 5-10 g of dried spinach. 

62. Exp 38-C: If a building steam supply is available, 
attach a drawn glass tube with a fine point. Other¬ 
wise, to a 3 or 4 liter Pyrex glass flask, half filled 
with distilled water, fit a two-holed rubber stopper. 
Add a boiling chip. Through one hole attach, with 
glass and rubber tubing, the drawn jet tube. Through 
the other hole run a tube fitted with a screw clamp 
to serve as an escape valve. Bring to a boil. 

63. Exp 51, Exp 55-A, Exp 56: Dried seeds such as bean 
seeds, dried spinach leaves, or other dried plant mate¬ 
rials may be ground to a fine powder with a Wiley 
laboratory mill. We use the “intermediate” model, 
which is motor-driven. The mill is available from any 
scientific supply house. 

64. Exp 57: We use the Waring Blendor, manufactured 
bv the Waring Products Corporation, 25 West 43rd 
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Street, New York, available from most scientific or 
electrical household appliance supply houses. 


Table III. Reagents 

In the preparation of all solutions the final volumes 
indicated are for solvent plus solute. The phrase “0.1 g 
per 100 ml of water’’ means that 0.1 g of solute is dis¬ 
solved in water and the volume then made up to 100 mI 
with water. Water is always distilled water unless oth< r- 
wise specified, and reagents are “CP” or the equivalent or 
better. 

1. Acetone. Exp 55-A: Dilute 80 ml to 100 ml with 
water. 

2. Albumin (egg, soluble). Exp 53: 3 g per 100 ml of 
water. 

3. Amino acid solution. Exp 50: Dissolve 1(M) mg of 
asparagine, 100 mg of L-leucine, and 300 mg of L- 
proline together in isopropyl alcohol, and make up to 
25 ml with isopropyl alcohol. If the solution is use-1 
within 24 hr, it can be made up in water instead of 
alcohol. 

4. Ammonium hydroxide. Exp 41-B: Dropping bottles 
of 2N NH.OH. Purchased reagent normality is 14.S 
—i.e., 57.8%. Dilute 135 ml to 1 liter of water to give 
2N. 

5. Ammonium sulfate. Exp 48: 0.2 g of (NH 4 ).S0 4 per 
100 ml of water. Exp 49: 1.32 g of (NHJ.SO. per 
liter of water (0.01M). 

6. Arsenious sulfide suspension. Exp 21: Dissolve 2 g of 
arsenic trioxide (As*O a ) in a liter of water. Boil until 
dissolved. Bubble H : S gas through the solution until 
the color becomes a deep opalescent yellow. Perform 
operation in the hood. To generate H.-S, place some 
“Aitch-tu-ess” (catalogue number A-380, Fischer 
Scientific Company) in a test tube fitted with a rub¬ 
ber stopper and an outlet tube. Heat the test tube, 
and bubble HrS evolved through the solution. Then 

bubble air through the suspension for an hour, and 
filter. 

7. Asparagine. Exp 50: Dissolve 100 mg of asparagine 
in water, making up to a total volume of 25 ml 
Use within 24 hr. 

8. Barium chloride. Exp 43: 20 g of BaCl 3 -2H 3 0 per 
100 ml of water. 

9 and 10. Benedict’s solution. Exp 36, Exp 39, Exp 
41-A,B: Dissolve 173 g of sodium citrate and 100 g 
of sodium carbonate (Na,CO,) in about 600 ml of 
water. Use heat. If necessary, filter. Dissolve 17 3 <r 
of cupric sulfate in about 150 ml of water. Add the 
latter solution to the former slowly and with con 
stant stirring. Dilute to 1 liter. 

11. Benzidine solution. Exp 40, Exp 41-C: Dissolve 4 g 

o benzidine (p-diaminodiphenyl) in 100 ml of 
glacial acetic acid. 
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12. Bial’s reagent. Exp 40, Exp 41-A,B: Dissolve 0.2 g of 
orcinol in 100 ml of concentrated HG1. 

13. Boric acid. Exp 18: 5.71 g of H 3 B0 3 per liter of 
water. The solution contains 1 mg of B per ml. 

14. Brodie solution. Exp 42: Dissolve 23 g of NaCl, 5 g 
of sodium choleate (Merck), and 100 mg of Evan 
Blue in water, and dilute to 500 ml. 

15. Buffers. Exp 10: See B below. Exp 46: Select ap¬ 
propriate buffers from A and C below as directed in 
the experiment. Exp 52: See B below. Exp 53: See 
D below. 

A. pH 2.2-8.0 (Mcllvaine). Stock solutions consist of 
(a) 0.50N1 citric acid (105.06 g of dry C„H s O ; -RO 
dissolved and diluted to a liter) and (b) 0.50M 
sodium phosphate, dibasic (71.01 g of dry Na.HPO* 
dissolved and diluted to a liter). Mix as indicated 
below, and dilute to 200 ml. 



0.50M 

0.50M 


0.50M 

0.50M 

pH 

Na-HPO* 

Citric 

pH 

Na.HPO, 

Citric • 



Acid 



Acid 

2.2 

1.60 ml 

39.20 ml 

5.2 

42.88 ml 

18.56 ml 

2.4 

4.96 

37.52 

5.4 

44.60 

17.70 

2.6 

8.72 

35.64 

5.6 

46.40 

16.80 

2.8 

12.68 

33.66 

5.8 

48.36 

15.82 

3.0 

16.44 

31.78 

6.0 

50.52 

14.74 

3.2 

19.76 

30.12 

6.2 

52.88 

13.56 

3.4 

22.80 

28.60 

6.4 

55.40 

12.30 

3.6 

25.96 

27.12 

6.6 

58.20 

10.90 

3.8 

28.40 

25.80 

6.8 

61.80 

9.10 

4.0 

30.84 

24.58 

7.0 

65.88 

7.06 

4.2 

33.12 

23.44 

7.2 

69.56 

5.22 

4.4 

35.28 

22.36 

7.4 

72.68 

3.66 

4.6 

37.40 

21.30 

7.6 

74.92 

2.54 

4.8 

39.44 

20.28 

7.8 

76.60 

1.70 

5.0 

41.20 

19.40 

8.0 

77.80 

1.10 


B. pH 5.6-S.O (phosphate buffers). Stock solutions con¬ 
sist of (a) M/15 potassium phosphate, monobasic 
(9.08 g of dry KHJPO. dissolved and diluted to a 
liter) and (b) M/15 sodium phosphate, dibasic (9.47 
g of dry Na.HPOi dissolved and diluted to a liter). 
Mix as indicated below. The pH values are for 20°C. 


M/15 M/15 

pH Na.HPCh KH_PO« 

5.6 10.0 ml 190.0 ml 

5.8 16.5 183.5 

6.0 25.0 175.0 

6.2 36.0 164.0 

6.4 53.5 146.5 

6.6 74.5 125.5 

6.8 99.0 101.0 

7.0 122.0 78.0 

7.2 143.0 57.0 

7.4 161.0 89.0 

7.6 172.5 27.5 

7.8 182.5 17-5 

8.0 189.0 I ? 0 


C. pll 7.8-9.6 (borate buffers). Slock solutions consist 
of (a) a solution 0.20M with respect to both boric 
acid and KC1 (12.41 g of dry If 3 B0 3 and 14.91 g of ( 

dry KC1 dissolved and diluted to a liter) and (b) 
0.20M NaOH (8.00 g of NaOH dissolved and di¬ 
luted to a liter). Do not heat boric acid over 50°C, 
and take precautions against carbonates in the NaOH 
solution. Mix as indicated below, and dilute to 200 
ml. The pH values are for 20°C. 



0.20M 

0.20M 

pH 

KC1, H.BO; 

NaOH 

7.8 

50 ml 

2.65 ml 

8.0 

50 

4.00 

8.2 

50 

5.90 

8.4 

50 

8.55 

8.6 

50 

12.00 

8.8 

50 

16.40 

9.0 

50 

21.40 

9.2 

50 

26.70 

9.4 

50 

32.00 

9.6 

50 

36.85 


D. Ammonium buffer. Stock solutions consist of (a) IN 
NH«OH (dilute 56 ml of NH 4 OH, of specific gravity 
0.90, to 1 liter, and standardize with sulfuric or hy¬ 
drochloric acid, using methyl orange indicator) and 
(b) IN NH.C1 (53.50 g of NRC1 dissolved and di¬ 
luted to a liter). Mix 33.0 ml of the NH 4 OH solution 
and 67.0 ml of the NH,C1 solution. 

E. pKa Values (at 25°C) 


Acid p Ka, p Ka, p Ka, 

Acetic 4.76 

Boric 9.24 

Carbonic 6.37 10.25 

Citric 3.06 4.74 5.40 

2,4-Dichlorophenoxyacetic 2.81 


Fumade 

Indoleacetic 

Iodoacetic 

Lactic 

Maleic 

Malic 

Malonic 

cr-Naphthaleneacetic 

Oxalic 

Phosphoric 

Pyruvic 

Succinic 

Tartaric 


3.03 4.47 

4.75 
3.13 
3.86 

2.00 6.26 
3.40 5.05 

2.85 6.10 

4.21 

1.19 4.21 

2.12 7.21 12.32 

2.50 

4.19 5.57 

3.02 4.54 


Butanol, glacial acetic acid, water solution. Exp 50: 
4 parts by volume of butanol to 1 part of glacia 
acetic acid to 1 part of water. If mixing if incom¬ 
plete, add a few more ml of glacial acetic acid. Mak 

fresh just before use. - „ 

Calcium chloride. Exp 29, E*P «= ? ° 

CaClj*2H s O per liter of water (0.5M). Exp 53. g 
of CaCl/2H,0 per 100 ml of water. 
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18. Calcium nitrate. Exp 49: 2.36 g of Ca(NOJ/4H.O 
per liter of water (0.01M). 

19. Catechol. Exp 45-B: 1 g per 100 ml of water. 

20. Collodion. Exp. 31: A solution of pyroxylin (cellulose 
nitrates) in ether or acetone; available cominercia lly 
as a reagent. 

21. Congo red. Exp 23: 0.1 g per 100 ml of water. Shake 
vigorously. 

22. Copper sulfate. Exp 23: For 2%, 2 g of CuSO,-511.0 
per 100 ml of water; for 20%, 20 g of CuSO.-5H,0 
per 100 ml of water. Exp 51: 1 g of CuSO,-5H.O per 
100 ml of water. 

23. Coumarin. Exp 13: 4.0 mg per 100 ml of water. 

24. Cysteine hydrochloride. Exp 51: 157.6 mg per liter 
of water (0.001 M). 

25. Cytochrome c. Exp 45: 130 mg per 100 ml of water 
(0.0001M). 

26. 2,6-Dichlorophenol-indophenol. Exp 44: 1 g of 2,6- 
dichlorophenol-indophenol sodium salt [NaOC«H,N:- 
C«H,(C1,) :02H S 0] per 600 ml of water. Exp 57: 
0.1 g per 100 ml of water. 

27. N,N-Dimethyl-p-phenylenediamine HC1. Exp 45-A: 
1 g per 100 ml of water. 

28. 2,4-Dichlorophenoxyacctic acid. Exp 10: 0.1 g per 
liter of 0.1% NaOH (0.1 g of NaOH per 100 ml of 
water). Exp 11: 0.2 g dissolved in 10 ml of 0.1% 
NaOH and made up to 100 ml with water. 

29. Dinitro selective herbicide. Exp 11: If Dow Selective 
(13.7% solution of the ammonium salt of dinitro- 
ortho-secondary-butylphenol) is used, dilute 1 ml to 
100 ml with water. 

30. Diphenylamine sulfate reagent. Exp 4S, Exp 49: 
Dissolve 0.5 g of diphenylamine (C,,H,NHC«H S , 
purified) in 100 ml of concentrated sulfuric acid. 

31. Eosin B. Exp 23: 0.62 g per liter of water (0.001M). 

32. Eosinate of methylene blue. Exp 22: First prepare 
(a) 0.1% eosin (0.1 g of eosin per 100 ml of water) 
and (b) 0.1% methylene blue (0.1 g of methylene 
blue per 100 ml of water). Mix 125 ml of the first 
with 75 ml of the second. 

33. Erythrosin. Exp 23: 0.88 g per liter of water 
(0.001M). 

34. Ethyl alcohol. Exp 41-C: Dilute 79 ml of 95% ethyl 
alcohol to 100 ml with water. 

35. Formalin. Exp 51: Dilute 1 ml of commercial-strength 
40% formalin to 500 ml with water. Exp 52: Bring 
commercial-strength 40% formalin to pH 7.0 by 
titrating with approximately 0.1N NaOH. 

36. Fructose. Exp 38-A.B, Exp 39: 90 g per liter of 
water. Exp 41-A,B: 5 g per liter of water. 

37. Gelatin. Exp 23: Gelatin tubes. Prepare a sufficient 
quantity of hot 10% gelatin by adding 100 g of 
gelatin to a liter of water and autoclaving for 20 
min at 15 lb pressure or heating in a steamer. While 
the gelatin is still liquid, draw it into 4' lengths of 
flint (soft) glass tubing of 4 mm diameter. For suc¬ 
tion use the vacuum line protected by a trap. After 
the gelatin has solidified, cut tubing into 3" sections. 
Exp 44: Dissolve 50 mg of gelatin per 100 ml of 


water. Exp 51: 2 g of gelatin per 100 ml of water. 
Exp 52: 5 g of gelatin per 100 ml of water. 

38. Glucose. Exp 35: 1 g per 100 ml of water. Exp 36: 
0.2 g per 100 ml of water. Exp 38-A,B: 90 g per 
liter of water. Exp 40: 0.25 g per 100 ml of water. 
Exp 41-A.B: 5 g per liter of water. Exp 47: 10 g 
per 100 ml of water. 

39. Glucose-1-phosphate (potassium salt). Exp 36: Dis¬ 
solve 0.25 g in approximately 75 ml of water, adjust 
pH to 6.0 with 0.5N acetic acid, and make up to 
100 ml with water. 

40. Grapefruit juice. Exp 20-B: Use canned, unsweetened 
grapefruit juice. 

41. Gum acacia. Exp 21: Add 2 g of gum acacia to 100 
ml of boiling water. 

42. Gum guaiacum. Exp 45-B: 2 g of gum guaiacum per 
100 ml of 95% ethyl alcohol. 

43. Hoagland solution. Exp 17, Exp IS, Exp 19: See 
directions in Exp 17 for preparing “Complete 
FeEDTA” or “Complete FeCl,” solution. See also 
item 78. Exp 7, Exp 49: Same as preceding prep¬ 
aration, but with 1/4 the amount of stock solutions 


except for micronutrients and iron supply, which 
should be in full strength. 

44. Hydrochloric acid. The beginning reagent in the 
preparation of these solutions is commercial con¬ 
centrated HC1, which is approximately 12N (specific 
gravity 1.19 at room temperature). Exp 20-B: Dilute 
45 ml of concentrated HC1 to a liter with water 
(0.5N). Adjust to exactly the same normality as the 
0.5N KOH used in this experiment. Exp 39, Exp 
41-A,B: Dilute 25 ml of concentrated HCI to 100 
ml with water. Exp 40: Dilute 12 ml of concentrated 
HCI to 100 ml with water. Exp 43: Dilute 9 ml of 
concentrated HCI to a liter with water. It is not 
essential that the normality be exactly 0.1N. 

45. Hydrogen peroxide. Exp 46: Dilute 10 ml of fresh 
30% HjO,( Mercks Superoxol) to 100 ml with water 


w*/. xsxp ojs: uiiute 1 UO ml ot 3% H.O, with water 
to a liter (see above for preparation of 3% solution). 

46. Indicators (pH). Exp 20-A: The Universal Indicator 
is Harleco Universal Wide Range Indicator (Hart- 
man-Leddon Company, 5819-21 Market Street, 
Philadelphia, Pennsylvania). Dissolve 0.1 g in 75 
ml of 62% ethyl alcohol. Solution is aided by addition 
of 0.1N NaOH (about 1.5 ml) until a dark green 
color results. For the individual indicators, the 
Harleco water-soluble forms are convenient. Use the 
amounts specified on the bottles. The dves needed 
are thymol blue, bromphenol blue, bromeresol green 
bromcresol purple, bromthymol blue, phenol red 
cresol red, metacresol purple, and chlorphcnol red’ 

? armine ' Exp 22; °' 47 8 Per 100 ml of water 

48. Indoleacetic acid. Exp 4, Exp 6: Dissolve 100 mg in 

Qnn m i° f f absolute eth V 1 alcohol, add approximately 
900 ml of water, warm gently on hot plate to 

evaporate the alcohol, then dilute with water to a 

liter. Exp 7: Add 0.1 mg to each liter of i-strength 
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49. 


50. 


51. 


52. 

53. 

54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


Hoagland solution for 0.1 ppm and 1.0 mg to each 
liter for 1 ppm. 

Indoleacetic acid in lanolin. Exp 5-A, Exp 9: Dis¬ 
solve 100 mg in 1-2 ml of absolute ethyl alcohol, 
and then mix thoroughly with 100 g of lanolin paste 
(0.1% or 1,000 ppm). Exp 8: Mix 40 mg of dissolved 
indoleacetic acid with 100 g of lanolin paste (400 
ppm). 

Iron chloride. Exp 41-A,B: 1 g of FeCl s , 6H 2 0 per 
100 ml of water. 

Leucine. Exp 50: Dissolve 100 mg of L-leucine in 
water, making up to a total volume of 100 ml. Use 
within 24 hr. 

Maleic hydrazide. Exp 12: 0.4 g per 100 ml of 
water. 

Malonic acid. Exp 44: 1.04 g per liter of water. 
Mercuric sulfate. Exp 51: Dilute 10 ml of con¬ 
centrated sulfuric acid to 100 ml with water (care¬ 
ful!). Dissolve 10 g of HgSCh in the diluted acid, 
and make up to 100 ml with the diluted acid. 
Methyl Alcohol. Exp 24: Dilute 30 ml of absolute 
methanol with water to 100 ml. Exp 55-A: Dilute 
92 ml of absolute methanol with water to 100 ml. 
MethyLne blue. Exp 22: 0.32 g per 100 ml of water 
(0.01M). Exp 23, Exp 30-A: (For 0.1%) 0.1 g per 
100 ml of water. Exp 23: (For 0.001M) 0.32 g per 
liter of water. Exp 42: A few crystals to color water 
so it can be seen in capillary tube. 

Methyl orange. Exp 23: 0.33 g per liter of water 

(0.001M). 

Millon’s reagent. Exp 49: To 10 ml of mercury care¬ 
fully add 188 ml of nitric acid (specific gravity 
1.42). When the mercury is dissolved, pour the 
resulting solution into twice its volume of water. 
Dissolve mercury in the hood. 

a-Naphthaleneacetic acid, methyl ester. Exp 15: 
Dissolve 10 g in a few ml of absolute ethyl alcohol, 
and dilute with water to a liter. 
a-Naphthol. Exp 45-A: 1.0 g of a-naphthol (C,„H 7 * 
OH) per 100 ml of 95% ethyl alcohol. 

Nessler’s reagent. Exp 48: Dissolve 50 g of potassium 
iodide (KI) in 50 ml of cold water (use minimum 
quantity of water). Prepare a saturated solution of 
mercuric chloride (HgCU) by adding 22 g of HgCb 
to 350 ml of water. Add the HgCh solution to the KI 
solution until a precipitate forms. Now add 200 ml 
of 5N NaOH (200 g of NaOH per liter), and dilute 
with water to a liter. Draw off the clear liquid after 

Ninhydrin reagent. Exp 50: To 50 ml of absolute 
ethyl alcohol add 0.05 g of ninhydrin, 2 ml of collidine, 

and 0.5 ml of glacial acetic acid. 

Nutrient solutions. Exp 17: See Exp 17 for com¬ 
position of stock solutions for preparing Hoagland 
solution and deficient solutions. Exp 18: Omit H,BO, 
from stock micronutrient solution. Exp 26: See Exp 
26 for composition of stock solutions for preparing 

White's medium. 

Papain. Exp 52: Use commercial papain powder. 


APPENDIX u, 

65. Pctroleum-ethei^benzene solution. Exp 56: Mix 1 
part by volume of petroleum ether with 1 part of 
benzene. 

66. Phcnolphthalein solution. Exp 41, Exp 43, Exp 52: 
Dissolve 1 g of phcnolphthalein in 50 ml of 95% 
ethyl alcohol, and then add 50 ml of water. 

67. Phloroglucinol solution. Exp 41-B: Dissolve 1 g of 
phloroglueinol [C,H-(0H) 2 *2H 2 0] per 100 ml of 95% 
ethyl alcohol. 

68. Plant sap. Exp 25: If a fresh-water pond is available, 
collect Nitella or another aquatic plant, and express 
sap (see item 43, Table II). 

69. Pond water. Exp 25: Collect water in which plants 
for this experiment have been growing, and filter. 
Exp 54: Use fresh pond water or ^-strength Hoag¬ 
land solution. Add 5.0 g of NaHCO, per liter of 
solution. 

70. Potassium cyanide. Exp 36: Dissolve 0.65 g of KCN 
in about 900 ml of water, adjust pH to 7.0 (use 
hood!) with dilute HC1, and dilute to a liter (0.01N). 
Exp 45-A: 65 mg of KCN per liter of water (0.00IN). 
Exp 45-B: 6.5 g of KCN per liter of water (0.1M). 

71. Potassium chromate. Exp 25: 5 g of K 3 CrO* per 100 
ml of water. 

72. Potassium hydroxide. Exp 20-B: 28.05 g of KOH per 
liter of water (0.5N). The exact normality is not 
important; however, adjust the normality of the HC1 
solution in this experiment to that of the KOH solu¬ 
tion. Exp 47: 10 g of KOH per 100 ml of water. 
Exp 53: 28.05 g of KOH per liter of water (0.5N). 
Exp 55-A: 30 g of KOH per 100 ml of methyl 

alcohol. 

73. Potassium-iodide-iodine solution. Exp 36, Exp 37, 
Exp 38, Exp 41-A,B, Exp 47: 5 g of I 2 and 10 g of 
KI per 100 ml of water. 

73a. Potassium permanganate. Exp 41-B: Dissolve 1 g of 
KMnO« per 100 ml of water. 

74. Potassium phosphate. Exp 36: Dissolve 2.8b g 
of potassium phosphate, monobasic (KH,PO,) m 
about 50 ml of water, adjust pH to 7.2 with IN 
KOH, and dilute to 100 ml with water. Exp 57: 
Dissolve 5.96 g of KC1 and 54.45 g of KHJPO. m 
900 ml of water, adjust pH to 6.5 with IN KOH, 
and dilute to a liter. 

75. Proline. Exp 50: Dissolve 300 mg of L-piolme in 
water, making up to a total volume of 25 ml. Use 

within 24 hr. 

76. Propylene glycol. Exp. 57: Dilute 10 nil of propykne 
glycol (1,2-propanediol, CH 3 CHOHCH 2 OI ) o 

ml with water. Cool in refrigerator. 

77. Salkowski reagent. Exp 6: Carefully add 300 ml of 
concentrated H : SO. to 500 ml of water. Then add 15 
ml of 0.5M ferric chloride (13.o2 g of FcCL * 

78. Sequedreno NaFe, FeEDTA (ethylenediamine.eOa- 
acetic acid). This is sold as Sequestrene NaFe by dre 
Geigy Agricultural Chemicals, 89 Barclay S *’. f 
Yolk 8, New York. Exp 17, Exp 18: See Exp 17 fo: 
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preparation of stock solution for use in nutrient 
cultures. Exp 19: 0.12 g per 100 ml of water (for 
spray). 

79. Silver nitrate. Exp 25: 0.34 g of AgNO, per 100 ml 
of water (0.02N). Exp 35: 10 g of AgNO, per 100 
ml of water. Exp 44: 0.17 g of AgNO, per 100 ml of 
water (0.01M). 

80. Sodium azide. Exp 45-A: 65 mg of NaN* per liter of 
water (0.001M). 

81. Sodium chloride. Exp 25: 329.6 mg of dry NaCl per 
liter of water (0.2 ml of Cl per ml of standard). 

Exp 30-A: Add NaCl to water, with stirring, until a 
precipitate forms. Exp 35: 1 g of NaCl per 100 ml 
of water. 

82. Sodium hydroxide. Exp 41-A,B, Exp 42, Exp 51: 40 
g of NaOH per 100 ml of water (10N). Exp 41: 8 
g of NaOH per 100 ml of water (2N). Exp 43: 8.0 
g of NaOH per liter of water (0.2N). Exp 45-A: Use 
dilute solution for calibrating spectroscope against 
Na line (e.g., 0.2N, as in Exp 43). Exp 52: 4.0 g of 
NaOH per liter of water (0.1N). 

83. Sodium nitrite. Exp 51: 1 g of NaNO. per 100 ml of 
water. 

84. Sodium nitroprusside. Exp 51: 2 g of Na,Fe(CN),NO 
2H,0 per 100 ml of water. 

85. Sodium phosphate. Exp 44: Dissolve 67.0 g of 
sodium phosphate, dibasic (Na,HP0/7H,0) in 900 
ml of water, adjust pH to 6.8 with 0.5N HC1, and 
dilute with water to a liter. 

86. Sodium succinate. Exp 44: 17.51 g of sodium suc¬ 
cinate per liter of water. 

87. Sodium sulfide. Exp 52: 0.24 g of Na,S*9H,0 per 
liter of water (0.001M). 

88. Soil suspension. Exp 21: Shake up about 1 g of sandy 
loam in 100 ml of water, and autoclave at 15 lb 
pressure for 20 min to kill bacteria. Shake very 
gently before taking portion of supernatant for study. 

89. Starch. Exp 36: Add 0.2 g of soluble starch to 100 
ml of water. Warm and stir until dissolved. Exp 37: 

Add 0.4 g of soluble starch to 100 ml of water. Warm 
and stir until dissolved. 

90. Strengths of purchased acids and alkalies. 

APPROXIMATE 


SUBSTANCE NORMALITY 

H,S0 4 (cone) 36 

HNO, (cone) 16 

HC1 (cone) 12 

H,PO, (syrup) 45 

CHaCOOH (glacial) 17 

NH.OH 15 


91. Sucrose. Exp 27: Prepare 200 ml of 1M sucrose by 
dissolving 72 g of sucrose in water and diluting to 
200 ml. Dilute 28 ml to 100 ml with water for 
0.28M, 26 ml to 100 ml for 0.26M, etc. Exp 28: 
Each student prepares the sucrose solutions from 500 
ml of 1M stock solution (180 g of sucrose per 500 ml 
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of water) as directed above for Exp 2<. Exp 3S-A.B: 
ISO g per liter of water. Exp 39: 20 g per liter of 
water. Exp 41-A.B: 5 g per liter of water. Exp 44: 
144 g per liter of water (0.4M); cool in refrigerator. 
Exp 45-A: 144 g per liter of water (0.4M). Exp 57: 
180 g per liter of water (0.5M); cool in refrigerator. 

92. Sulfuric acid. Exp 41-A,B: For 25%, carefully add 
25 ml of concentrated HrSO« to 75 ml of water; for 
75%, carefully add 75 ml of H,S0 4 to 25 ml of water. 

93. Sulfanilic reagent. Exp 48: Add 15 ml of glacial 
acetic acid to 135 ml of recently boiled water. In this 
solution dissolve 0.5 g of sulfanilic acid. 

94. Tetrazolium chloride. Exp 14: 0.1 g of 2,3,5-tri¬ 
phenyl tetrazolium chloride per 100 ml of water. 
Keep in brown bottle. 

95. Thiourea. Exp 13: 0.5 g of NH-CSNH, per 100 ml 
of water. Exp 15: 20 g per liter of water. 

96. Thymolphthalein. Exp 53: 1 g per 100 ml of 60% 
ethanol. 

97. Tryptophan. Exp 51: 0.204 g of L-tryptophan per 
liter of water. 

98. Turnip juice. Exp 20-A: For 500 ml of clear turnip 
juice, peel and slice 10 turnips of moderate size. 
Extract juice with grinder (item 43, Table II). Filter 
juice through coarse filter paper in Buchner funnel. 

99. Tyrosine. Exp 45-B, Exp 51: 0.181 g of L-tyrosine 
per liter of water (0.001M). 

100. Unknowns. Exp 4: Dilute stock solution (item 48, 
Exp 4) to give concentrations in the range from 0 
to 1.0 mg per liter. Exp 6: Dilute stock solution 
(item 48, Exp 4) to give concentrations in the range 
from 0 to 40 mg per liter. Exp 10: Dilute stock 
solution (item 28, Exp 10) to give concentrations 
in the range from 0 to 1.0 mg per liter. Exp 17: 
Prepare deficient solutions (omit the —micronu¬ 
trient solution) as directed in Experiment 17. Exp 
18: Dilute stock solution (item 13, Exp 18) to give 
concentrations in the range from 0 to 30 mg of B 
per liter. Exp 20-A: Use buffer solutions (item 15) 
over the pH range from 3 to 9. Exp 20-B: Use 0.1N 
solutions of potassium acetate (9.81 g of KC,H,O t 
per liter), sodium chloride (5.85 g of NaCl per 
liter), potassium phosphate, monobasic (13.61 g 
of KH,P0 4 per liter), and sodium bicarbonate (8.40 
g of NaHCO, per liter). Exp 25: Use standard NaCl 
solution (item 81, Exp 25) to give range of con¬ 
centrations from 0 to 0.2 mg of Cl per ml. Exp 50: 
Provide 1 ml of solutions of individual amino acids 
prepared for experiment. Exp 51: Use the solu¬ 
tions of tyrosine, tryptophan, and gelatin prepared 
for the experiment. 

101. Urea. Exp 19: 1.0 g per 100 ml of water. 

102. White’s medium. Exp 26: See experiment for prepa¬ 
ration of stock solutions and medium. Glass-distilled 

water should be used for all stock solutions and for 
the medium. 

103 ' water*' ^ ^ ^ 41A,B: °' 25 8 P er 100 ™1 of 
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Abscission. 29—30. 34, 96 
Absorption: of light. 143; of mineral 
ions, 42, 54—56; of water, 6-3—67 
Absorption spectrum, 134, 136, 143 
Acetaldehyde, 114 
Acetic acid, vinegar and, 115 
Acetobacter, acetic acid and, 115 
Acetone, pigment extraction and, 135 
Acetyl-coenzyme A, 108, 130 
Acids, strength of, 159 
Aconitase, 106 

Action spectrum, 34, 39, 134, 136, 143. 

See also inside front cover. 

Activators, enzymes and, 86 
Adenine, 103, 128 
Adenosine, 82 
Adenosinediphosphate, 82 
Adcnosinemonophosphate, 82 
Adenosinephosphates as nucleotides, 128 
Adenosinetriphosphate, 98—117, 124 
Adsorption, 41, 51 

After-ripening, seed dormancy and, 35 
Aglycon, anthocyanins and, 94 
Agriculture, 27, 46 
Alanine, transamination and, 124 
Alcohol: ethyl, 114, 115; in waxes, 130 
Aldolase, 104 

Alkali soil, drought and, 64 
Alkalies, strength of, 159 
Aluminosilicate, soils and, 51 
Amides, 121, 127 
Amination, 123 

Amino acids, 120, 121, 123-125, 126, 
131 

Amino group, formation of, 119 
Ammonia: deamination and, 123; in 
plants, 127; soils and, 117; test for, 
118 

Amylase, 87—88 
Amylopectin, 84 
Amylose, 84 
Anaerobiosis, 114—115 
Anion exchange in soils, 52 
Anions, absorption of, 56 
Anthocyanins, 94 
Anti-auxins, 33 

Apical dominance, auxins and, 25, 29 
Araban, 94, 97 
Arabinose, 93-95, 117 
Asparagine, 121, 127 
Aspartic acid, transamination and, 124 
Aspergillus niger, 115 
Aspergillus orxjzae, 115 
Audus microburette, 133 
Auxin: abscission and, 29—30; agricul¬ 
ture and, 27; anti-auxins and, 33; 
apical dominance and, 25, 29; branch¬ 
ing and, 29; bud growth and, 22; 
callus and, 29; cainbial activity and, 
25; cell division and, 25; definition 
of, 20; destruction of, 21; discovery 
of, 19; estimation of, 24; flowering 
and, 40; fruit development and, 33- 
34; geotropism and, 22-23; growth 
and, 21; in cell enlargement and trop- 
isms, 19-24; inhibitory action of, 21- 
22; leaf abscission and, 25; “master 
reaction” and, 25; naming of, 26; 
naturally occurring, 20; phototropism 
and, 22-23; plant form and, 24-34; 
root growth and, 22, 31; root initia¬ 
tion and, 27-28; seeds and, 33; stem 

growth and, 22; structural features 
of, 25-27; test for. 19-21; transport 
of, 21; tropisrns and, 22-24 
Avena coleoptile curvature test 19-21 


Average, standard deviation and, 144 

Azide as inhibitor. 111 

Azotohacter. 118 

Bacteria, 117, 118, 135 

Base exchange, nitrate and, 118 

Bened’ct’s test, 85 

Benzidine test. 97 

Bial’s test, 97 

Bio-assay: for auxin, 20-21; for 2,4- 
dichlorophenoxyacetic acid, 31 
Bisulphite, alcoholic fermentation and, 
115 

Biuret test, 125 
Blackman, F. F., 132 
Blue-green algae, pigments in, 136 
Boron, 43 

Branching, auxin and, 29 

Brownian movement, 77 

Browning of tissues, 112 

Buds, 22, 29, 36-37 

Buffers: action of. 47—48; in plants, 49; 

tables of, 156; titrations of, 50 
Calcium, 86, 94 
Calcium ion as activator, 86 
Callus, auxin and, 29 
Calorie, definition of, 81 
Cambial activity, auxins and, 25 
Carbohydrates: interconversion of, 91; 

metabolism and, 79—98; use of, 96 
Carbon, 42, 139 

Carbon dioxide: alcoholic fermentation 
and, 114; as limiting factor, 132; 
Krebs cycle and, 106; photosynthesis 
and, 131-132; reduction of, 139-140 
Carbon-nitrogen ratio, 119 
Carica papaya, 126 
Carnauba wax. 130 
/3-Carotene, 136 
Carotenoids, 135, 136 
Catalase, 113 

Catalysis, enzymes and. 86-87 
Cation-exchange capacity, 52 
Cations, absorption of, 56 
Cell: maturation of, 15; metabolism 
and, 76; water in, 60 
Cell division, 15, 25 
Cell enlargement: auxins and, 19-24; 
differentiation and, 15; metabolism 
and, 76 

Cell walls, 94-97 
Cellular differentiation, 15 
Cellular metabolism, 76-141 
Cellulose: dissolution of, 97; glucose 
and, 80; structure of, 94; uses of, 96 
Centrifuge, 77 
Cereals, 40, 95, 96 
Chelating agents, 43 
Chemesynthesis, 117 
Chloride ion, 43, 86 
;»-Chlorophenoxyacetic acid, 33 
Chlorophyll: absorption spectrum of, 
134, 143; as limiting factor, 132; ex¬ 
traction of, 135; in photosynthesis, 
131; structure of, 135 
Chloroplasts: Hill reaction and, 139; 
isolation of, 139; pigments in, 135; 
starch and, 81 
Chlorosis, iron and, 43 
Chromatography, 121, 136-137 
Chromosomes, metabolism and, 7o 
Chrysanthemum, 39 
Citric acid: buffers and, 48-49; 

Krebs cvcle, 106; source of, 115 
Citric ackl cycle, 107 
Clay, 51-52. 74 

Clostridium, 118 
Club moss, water and, 60 


in 


Cobalt chloride, 68-69 
Cobalt ion as activator, 86 
Cocarboxylase, 106-107 
Coenzyme A, 106-107, 108, 128 
Coenzymes, 86, 92 
Cohesion, water movement and, 72 
Cold, resistance to, 75 
Colloid, 41, 51, 52, 78-79 
Color, wavelength and, 142 
Colorimeter, 24 
Copper, 43, 112 
Corn, 60, 96 

Cortex, starch storage and, 84 
Cosmic rays, 142 
Cotton, 30 

Crop alternation, 118 
Cuprammonium solution, 97 
Cuprous oxide, 85 
Cutin, 94 

Cyanide as inhibitor. Ill 
Cysteine, 120, 124 
Cytochrome, 108, 110—111 
Cytochrome oxidase, 109, 111 
Cytosine, 128 
Decay, 117 

Deficiency symptoms, 43 
Defoliation of cotton, 30 
Denitrification, 118 
Deoxyribonucleic acids, 93 
Deoxyribose, 92-93, 95, 117 
Detoxifying agents, 127 
Dextrins, starch and, 88 
Dialysis, 77, 79 
Diaphorase, 111 

2,6-Dichlorophenol-indophenol, 108, 
139, 141 

2,4-Dichlorophenoxyacetic acid, 30, 31, 
40 

Diffusion: definition of, 53; ion absorp¬ 
tion and, 54-55; mineral nutrition 
and, 41; photosynthesis and, 131; 
respiration and, 101; stomata and, 68 
Diffusion pressure deficit, 63, 64, 69. 72 
Digestion: of fats, 130; of proteins, 126; 

of starch, 87-88 
Diphenylamine sulfate, 118 
1,3-Diphosphoglyceric acid, 104 
Diphosphopyridine nucleotide: alcoholic 
fermentation and, 114; glycerol syn¬ 
thesis and, 130; Hill reaction and, 
139; in respiration, 103—111; reduc¬ 
tive amination and, 123 
Dissociation constant, 49, 156 
Disulfide groups, proteases and, 126 
“Dopa” quinone, 112 
Dormancy, 34—37 
Drought, 64; resistance to, 75 
Dry matter, definition of, 41 
Dry weight, growth and, 17 
Electromagnetic radiation, 142-144 
Elements, essential, 42—47 
Flodea, 132 

Embryos, excision of, 35 
Emission spectrum, 142 
Energy: chemical synthesis and, 61; tats 
and, 130; from respiration, 109-110; 
in glucose, 80-81; ion absorption and, 

56 

Enolase, 105 __ . 

Enzymes: in mitochondria^ 87; nature 
of, 86-87; proteins and, 117, 126; 
temperature and, 101-102 
Equipment, 1-3, 152-155 
Ethylene chlorohydrin, 37 . 

Ethylenediaminetetra-acetic acid, 43—44 

Excised leaves, ammonia and. 1-7 
Excised roots, nutrition of, o6-59 


Avena coleoptile section test, 20-21 ... . ,, 1^1-155 

Plant materials, equipment, and reagents used in experiments are listed alpl.abelica y n e a 



INDEX 



Experiments: equipment used in. 152- 
155; performance of, 5—10; plants 
used in. 151-152, reacents used in. 
155-159; timing of, 148-151 
Exudation, root pressure and, 65 
Fallow fields, 118 
Fats and oils, 77, 128-130 
Fatty acids. 99, 106, 108, 130 
Fermentation, alcoholic, 114—115 
Fertilizers, 43, 118 
Field capacity. 73, 74 
Fig, auxins and, 33 
Filter for light, 144 
Filter photometer, 24 
Fire, seed dormancy and, 34 
Flavin adenine dinnclootide, 110 
Flavoproteins, I |0 
Flower drop, control of, 29 
Flowering. 38-40 
Flowering hormone. 20. 39 
Flowering regulators, 20 
Fluorescence, 143 
Foliar fertilization, 47, 118 
Formaldehyde, 126 
Forinol titration, 126 
Fructose, 89. 92, 93 
Fructose-1,6-diphosphate, 102, 104 
Fructose-6-phosphate, 89, 102, 104 
Fruit, 33-34, 96, 130 
Fruit drop, control of, 29, 30 
Fruit set, auxins and, 33 
Fruitfulness, 120 
Fumarase, 106 
Fumaric acid, 106 
Fungi, decay and, 117 
Furanose, 80 
Furfural, 97 
Galactan, 94 
Galactose, 93, 94, 95 
Galactose-1-phosphate, 95 
Galacturonic aciti, 93, 94 
Gamma ravs, 142 
Gelatin. 126 

Geotropism, auxin and, 22-23 
Germination, 5-7, 34 
Clucose: anthocyanins and, 94: heat 
from, 81; in glycolysis, 104; oxidation 
of, 81, 107; structure of, 79-SO, 89, 
93 

Glucose-1-phosphate, 84, 89, 95 
Glucose-6-phosphate: in glycolysis, 104; 
mannose and, 95: oxidation of, 116; 
starch and, 83; synthesis of, 89 
Glucuronic acid, 93 
Glutamic acid, 123, 124 
Glutamic dehydrogenase, 123 
Glutamine, 121, 127 
a-Glutamyl transpeptidase, 126 
Glutathione, 124 
Clycerol; 104, 115, 130 
Glycine, 120, 124 
Glycolysis, 102-107. 114 
Grana, 135 
Greenhouse, 1 
Growth, 15-19, 21-22, 58 
Growth hormone, 20, 25 
Growth regulators, 20 
Guanine, 128 

Cuttation, root pressure and, 65 
Hales, Stephen, 131 
Halophytes, water and, 64 
Hardening, 75 
Headhouse, 1-2 
Hemicelluloscs, 94 
Herbicides, 31—32 
Hexokinase, 87, 104 
Hcxosemonophosphate shunt, 116 

lOgh-energy phosphate bonds, 82, 104- 
105 ) 109 

Hill. H. H.. 139 
Hill reaction, 139 


llnagl.md solution. 157 
Hormone. 20 39, 76 
Humidity, relative, 69 
Hydathodes, guttation and, 65 
Hydration, colloids and, 51 
Hydrogen, 42 

Hydrogen acceptors, 103, 139 
Hydrogen bonds, 77 
Hydrogen ion, 41, 47—51, 56, 113 
Hydrogen peroxide, 113 
Hydrogen transfer, 109-111 
Hydrolytic enzymes, 87 
Hydrophilic attraction, 78 
Hydrophilic sols, 79 
Hydrophobic colloid, 51 
Hydroponics. 42 
Hydroxx proliiu*. 121 
a-Iminnglutaric aciti 123 
Indeterminate plants, 38 
Indole, 26 

Indoleacetic acid. 20-21, 24 
Indolebutyric acid, 28 
Infrared radiation, 142—143 
Inhibition, 29, 34, 108, 111 
"Ink” of squids and octopi, 112 
Intermediate, 98 
Inulin, 84, 90 
Invertase, sucrose and, 91 
Iodine. 84-85, 97 

Ions: absorption of, 52, 54—56; accumu¬ 
lation of, 42, 54—56 
Iron, 42, 47, 110 
Irrigation, 65, 74 
Isocitric acid, 106 
Isocitric dehydrogenase, 106 
Isornerase, 87 
Isomerization, 87 
Isopropyl phenyl carbamate, 37 
Isotopic ox> gen, 139 
a-Ketn aciti, 123 
a-Ketoglutaric acid, 106, 123 
Ketoses, test for, 97 
Krebs cycle, 87, 106-111, 130 
Laboratory. 1—3. 146-159 
Leaching, 52 
Leaf, 27, 68 

Leaf abscission, auxin and, 25 
Leaf drop, control of, 29 
Legumes, 118 
Leucine. 120 

Light: as limiting factor, 132; intensity 
of, 132; nature of. 142-144; photo- 
sxmthesis and, 132: seed dormancy 
and, 34; seedling development and, 
17-18; sources of, in laboratory, 144; 
velocity of, 142 
Light saturation, 132 
Lignin, 94-95, 96, 97 
Lipase, 130 
Lipids, 77, 128-130 
Lipophilic attraction, 78 
Lipophilic compounds, 54 
Locker, equipment in, 1-3 
Long-day plunts, 38—39 
Magnesium, 42, 94. 135 
Magnesium ion. 86, 87 
Maleic hydrazide, 33, 37 
Malic acid, 106 
Malic dehydrogenase, 107 
Malonic acid, 108 
Malt, 115 

Maltasc, starch and, 88 
Maltose, starch and, 87 
Manganese, 43 
Munnan, 94 

Mannose, structure of, 79, 93 
Mannose-6-phosphate, 95 
Mannuronic acid, 93 
Manure, 118 
Mash, 115 

Mean, arithmetic, 144 


i i _ 


.Melanin pigmenrs 
Membranes, 54—55, 76. 78 
Metabolism, 13, 76-141 
Methylgalacturonic acid, 93 
Microburette, 133 
Microorganisms, cell walls and, 96 
Microsomes, 77, 87 
Millon’s test, 120, 125 
Mineral nutrients, 51—56 
Mineral nutrition, 12, 41—59 
Mitochondria, 77. 87, 111 
Molybdenum, 43 
Monosaccharides, 93, 95 


30 
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Plant materials, equipment, and reagents used in experiments are listed alphabetically in the table 


Naphthalene, 26 
«-\ iphthalenear otic acid, 2S, 

37, 40 

/9-Xaphthoxyacotic acid, 33 
\< ssler's reagent, 1 18 
Nicotinamide. 103. 105 
Nicotinic' acid. 103 
Xinhvdrin. amino acids and, 121 
Nitrate, 117, 118, 119 
Nitrate reductase, 119 
Nitrate reduc tion, 119 
Nitrite, 117, 118 
Nitrobacter, 117 
Nitrogen. 42, 47, 117-128 
Nitrogen cycle, 129 
Nitrogen fertilization, 118 
Nitrogen fixation, 118 
Nitrogen-carbon ratio, 119 
Nitrophenols, 37 
Nitroprusside test, 125 
Nitrosomonas, 117 
Nodules, 118 

Nucleic acids, 92, 117, 127-128 
Nucleoproteins, 92. 127 
Nucleotide, 127 
Nucleus in protoplasm. 77, ST 
Nursery stock, 37. 101 
Nutrient medium; for excised roots, 56- 
59; for excised tissues, 57—“S; ..f 
Hoaglanil, 157; of Sachs, 42: of 
White, 58-59; preparation of, 44—16 

Oils and fats, 77, 128-130 
Orcinol, 97 

Organic acids, 99, 121 
Organogenesis, 15 
Osmosis, 61-64 
Osmotic pressure, 61. 62 
Oxaloacetic acid, 106-107, 123 
Oxalosuccinic acid, 106 
Oxalosuccinic dch.vdrogena.se, 106 
Oxidases. 110-112 
Oxidation, 103-105, 130 
Oxidative deamination. 123 
Oxidative pathway, 116 
Oxidative phosphorylation, 10S 
Oxygen, 42. 101, 139 

Pantothenic acid. 107 
Papain, 126 
Papaya, 126 

Parenchyma cell, wall of, 95 
Parthenocarpy, auxins and, 33 
Peas, respiration of, 99 
Poetic acid. 94 
Pectin, 94, 96, 97-98 
Pellagra, 105 
Pentosans, 94 

Pentoses: compounds in, 92; glucose-1- 
phosphate and, 102; in cell walls 
J4; n u : ta | H , l ,sn l of 116; nucleic acids 

9o; ,es,s for ' 

Peptide bond, 124 
Permanganate test for lignin. 98 
PfflneabJitjr of membranes, 54-55 

Phe™l. , 26, 0 n2 Pr L?r' ,li0n ° f - 157 

Phloem, water transport and, 71 


0,1 PP- 151-155. 
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INDEX 


''Moio-'lncinol, lignin and, 97 
Phosphatases, 89 
Phosphate bond energy, 82 
Phosphodihydroxyacetone, 104, 115, 

130. 139 

Phospho-enol-pyruvic acid, 105 
Phosphoglucomutase, 87 
3-Phnsphoglyceraldehvde, 103, 104, 

119. 139 

Phosphoglvceraldehyde dehvdrogcnase, 

104 

2- Phosphoglyceric acid, 105 

3- Phosphoglyceric acid, 104, 105, 139 
Phosphoglyceric transphosphorvlase, 

104 

Phosphoglyceromutase, 104 
Phosphohexoisomerase, 89, 104 
Phosphohexokinase, 104 
Phospholipids, 128, 130 
Phosphopvruvic transphosphorvlase, 105 
Phosphoric acid, 103, 127, 130 
Phosphorolysis, starch and, 84 
Phosphorus, 42 
Phosphorylase, starch and, 84 
Photochemical reactions, 136 
Photolysis, 139 
Photopcriodic induction, 38 
Photoperiodism, 38—40 
Photosynthate, 89, 90 
Photosynthesis, 76, 131—141 
Phototrooism, auxin and, 22—23 
Phycobilins, 136 
Phytyl. 135 

Pigments, definition of, 143 
Pinching out, 29 
Pineapple, flowering of, 40 
Pith, starch storage and. 84 
pfC value, buffers and, 49 
p K a values, table of, 156 
Plant development, 15—40 
Plant form, auxins and, 24—34 
Plant physiology, 11—12 
Plant volume, growth and, 17 
Plants: composition of, 12, 41; growth 
of, 16-19; in agriculture and indus¬ 
try, 13-14; maintenance of, 7-8; used 
in experiments, 151-152; water con¬ 
tent of, 60 

Plasma membrane, 54, 61, 78 
Plasmolysis, 61 
I’lastids, 77, 87 
Pollination, 33 
Polyphenol oxidase, 112 
Polysaccharides, 84, 94—97 
Porphyrin, chlorophyll and, 135 
Potassium, 42 

Potassium ion as activator, 86 
Potassium thiocyanate, 37 
Potato, 37, 96 
Potometer, 70 

Precipitate, centrifugation and, 77 
Proline, 120 

Prosthetic group, coenzymes and, 86 
Proteases, 120, 126 

Proteins: enzymes and, 87; in proto¬ 
plasm, 77; molecular weights of, 120; 
nitrogen content of, 1J7; physical 
properties of, 125; precipitation of, 

77- proteases and, 120; protoplasm 
and, 117; storage of, 126; synthesis 
of, 124-125; tests for, 120, 125 
Protopectin, 94 
Protoplasm, 76, 77—79, 117 
Purines, 93, 127, 128 
Pyranose, 80 
Pyrimidine, 93, 127, 128 
Pyrrol group, chlorophyll and, loo 
Pyruvic acid, 105—107, 114, 124 
Q enzyme, 84 
Quantum, 142 
Quiescence, definition oi, o4 
Quinones, 112 

plant materials, equipment, and reagents used in ex 


Radiant energy, photosynthesis and, 

131 

Radiation, electromagnetic, 142-144 

Radio waves, 142 

Radioactive carbon, 139 

Radium, 142 

Rayon, source of, 96 

Reagents used in experiments, 155-159 

Red algae, pigments in, 136 

Reductive animation. 123 

Regulators, 20. 26, 37 

Resorcinol, fructose and. 92 

Respiration, 9S—117. 123 

Respiratory quotient, 99-101 

Rhizohium , 118 

Riboflavin, 110 

Ribonucleic acids, 93 

R’hose. 92. 93. 95. 103 

Ribose-5-nhosnhate, 117 

R ; bulose-1,5-diphosphate. 139 

Ribulose-5-phosphate, 116 

Ripening of fruits. 96 

Root initiation, 27—28 

Root pressure, 65-66 

Roots, 22, 31, 65, 119 

Rudimentary embryos, 35 

Sachs, nutrient solution of, 42 

Saline soil, drought and, 64 

Salkowski test, 24 

Sand, 73-74 

Scarification, 34 

Schweitzer’s reagent, 97 

Sedoheptulose-7-phosphate, 117 

Seedlings, 7, 17-18 

Seeds: ammonia and, 127; auxins and, 
33; cold and, 75; dormancy of, 34- 
35; drought and, 75: fats in. 130; 
fruit abscission and, 34; germination 
of, 6, 7, 34—35; proteins in. 126; 
starch in, 85; viability of, 35-36 
Selaginella lepidoplujlla , 60 
Seliwanoff reaction, 92, 97 
Shoots, nitrate reduction in, 119 
Short-day plants, 38—39 
Sieve tubes, wall of, 95 
Sigmoid curve of growth, 18-19 
Silica in cell walls, 94 
Silver nitrate as inhibitor, 108 
Soap, fats and, 130 
Soil nitrogen, loss of, 117—1_18 
Soil water, plants and, 73-75 
Soils: mineral nutrition and, 51-54; 
osmotic pressure of, 65; physical tex¬ 
ture of, 51; structure of, 51; water 
distribution in, 73-74 
Solar radiation, 142, inside front cover 
Solutions, preparation of, 155—159 
Spectroscope, 136—143 
Spraying, 37 

Standard deviation, 144—146 
Standard error, 144—146 
Starch, 80, 81-85, 87-88, 89, 96 
Statistical analysis, 144—146 
Statistical inference, 146 
Stem cuttings, 22, 27-28 
Stomata, 68, 69, 73 
Stratification, 35 
Suberin, 94 

Succinic acid, 106-108 
Succinic dehydrogenase, 106 
Succulents, drought and, 75 
Sucrose, 84, 89, 90, 92 
Sucrose phosphate, 90 
Suffocation ol roots, 101 
Sugar beets, 96 

1"I™ 84, 9 85, 92, 102-103, 121, 
131, 140 

Sulfanilic acid reagent, 118 

Sulfur, 42, 121 
Supernatant, 77 

jxperiments are listed alpha 


Temperature: as limiting factor, 132: 
flowering and, 39-40; respiration and, 
101; transpiration and, 69 
Temperature coefficient, 53, 101, 132 
Tension, water movement and, 72 
Terminal oxidases, 110—112 
Thiamin, 57, 107 
Thinning of fruit, 30 
Thioctic acid, 106, 107 
Thiourea, 37 
Thymine, 128 

Tomato, excised roots from, 58—59 

Tracheids. 68 
Transaminases, 123 
Transamination, 123-124 
Translocation of yvater, 71-73 
Transpeptidation, 125 
Transpiration, 67—70 
Transplanting of seedlings, 7 
Trees, water balance and, 73 
Tricarboxylic acid cycle, 107 
Triosephosphate isomerase, 104 
2,3,5-Triphenyltetrazolium chloride, 36 
Triphospnopyridine nucleotide, 92, 103, 
106, 119, 139 
Tropisms, 22—23 
Tryptophan, 120, 125 
Tswett, 137 
Turgor pressure, 61 
Tyndall effect, 77 
Tyrosine, 112, 120 
Ultraviolet radiation, 143 
Uracil, 90, 128 
Urea, 47 
Uridine, 90 

Uridinediphosphate, 90 
Uridinediphosphate glucose, 90 
Uridinemonophosphate, 90 
Uridinetriphosphate, 90 
Vacuolar membrane, 54, 61 
van der Waals forces, 77 
van Niel, C. B., 139 
Vapor pressure, 69 
Variation of data, 144 
Varnish, fats and, 130 
Vegetable Staticks, 131 
Vernalization, 40 
Vessels, transpiration and, 68 
Viability of seeds, 35—36 
Vitamin A, 136 
Vitamin B, 105, 107 

Vitamins: excised roots and, 57; nico¬ 
tinic acid, 103; pantothenic acid, 107; 
respiration and, 107—108; riboflavin, 
110; thiamin, 57, 107; thioctic acid, 
106, 107 , , . 

Water: absorption of, 63-67; adsorbed, 
60; high-energy phosphate bond and, 
107; imbibed, 60; in P r ° t0 Pj, a o sm ’ " ’ 
78; photosynthesis and, 132, lot*; 

plants and, 60-75 
Water balance, diurnal, <2 
Water relations, survey of, 12 
Water vapor, transpiration and, 6/-/U 
Water-culture technique, 42 
Wavelength, 142 
Waxes, 94, 128,130 
Weeds, killing of, 31-32 
White’s medium, 58-59 

Wilting, 72-74 
Wood pulp, source of, 9b 
Work, glucose and, 81 
Wort, 115 

Xanthophylls, 135, 136 
X-rays, 142 
Xylan, 94 
Xylem, 71 
Xylose, 93, 95, 117 

Yeast, 114 

Zinc, 43, 47 
Zinc ion as activator, 8b 

helically in the tables on pp. 151-155. 


NAME. 


DATE 


report: Experiment 1 

THE LOCUS OF PLANT GROWTH 


SECTION 


LOCKER NO. 



AVERAGE LENGTH OF INTERVAL 
IN MILLIMETERS 

1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8. 

9. 


A. Root Growth. 

INTERVAL 

NUMBER 


Average total length_ 

Average total length of controls 



Effect of marking on elongation process 


Using graph paper, plot the average length of each interval on the vertical axis against the interval numbers 
from 1 to 9 increasing to the right along the abscissa. 


Interpretation: I. In what morphological region does root elongation chiefly occur? 


II. Did the marking treatment itself affect the elongation of the root? Cite the evidence. 
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report: Experiment 1 


ii. Shoot Growth. 


INTERVAL 

NUMBER 

1 . 

2 . 

3. 

4. 


AVERAGE LENGTH OF INTERVAL 
IN MILLIMETERS 


8. 

7. 

8. 

9. 


Average total length__ 

Average total length of controls_ 

Effect of marking on elongation process_ 

Plot the above data on graph paper with interval number increasing to the right along the abscissa and aver¬ 
age length of interval increasing upw 


Interpretation: I. In what morphological region of the shoot does elongation chiefly occur? 


II. Did the marking treatment itself affect the elongation of the shoot? Cite the evidence. 
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SECTION_I.OCKER NO. 


report: Experiment 2 

SEEDLING DEVELOPMENT IN 
LIGHT AND DARK 


Express all data below in terms of the average individual. 


Lot 1. 

1. Fresh weight_ 

2. Dry weight_ 

3. Weight of seed coats_ 

•1. Initial dry weight of seed (2—3) 

Lot 2 (Light). 

5. Fresh weight_ 

6. Seed volume_ 

7. No. of plants harvested_ 

S. Shoot length_ 

9. Root length_ 

10. Total plant volume_ 

Cotyledons: 11. Fresh weight_ 

12. Dry weight_ 

Shoot + root: 13. Fresh weight_ 

14. Dry weight_ 


Lot 3 (Dark). 

15. Fresh weight_ 

16. Seed volume_ 

17. No. of plants harvested_ 

18. Shoot length__ 

19. Root length__ 

20. Total plant volume_ 

Cotyledons: 21. Fresh weight_ 

22. Dry weight_ 

Shoot -f root: 23. Fresh weight_ 

24. Dry weight_ 


165 


report: Experiment 2 

Interpretation: I. What percentage of the weight of the seed is water? (Write out the equation for calculating 
your answer, as represented below. Then calculate your answer from the above data.) 


fresh weight — dry weight 

-7—r- t-ttz -— X 100 

fresh weight 


For each calculation below, write out the proper equation, as you did above for question I, before writing in 
the numerical answer. 

II. What percentage of the weight of the grown plant is water in lot 2 and in lot 3? 


Lot 2 


Lot 3- 

How much water has each pea plant absorbed? 


Lot 2 


160 


NAME 


DATE 
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LOCKER NO. 


report: Experiment 2 (con 

SEEDLING DEVELOPMENT IN 
LIGHT AND DARK 


Lot 3- 

III. What is the increase in volume of plants grown in the dark? 



>f those grown in the light? 


To what may these volume changes be ascribed in each case? 
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report: Experiment 2 (cont, 

IV. How much organic matter is lost in respiration? 


V. IIow much organic matter is produced by photosynthesis? 


VI. How much organic matter is translocated from the cotyledons to the rest of the plant during the growth 
period? 


VII. What effect does light have on cell elongation? 


NAME. 


DATE_ 


report: Experiment 3 

THE SIGMOID CURVE OF GROWTH 


SECTION 


LOC kill NO. 


TIME IN DA VS 


AVEHAGE LENC I'll OF LEAVES 
IN Mil. LI Ml- TEBS 


0 

5 

r-f 

t 



14 

19 



Plot the above data on graph paper with the number of days increasing to the right on the abscissa and the 
average leaf length in millimeters increasing upward on the ordinate. 


Interpretation: I. What is meant by “linear phase of growth”? 


II. Where does growth occur in the leaf? 
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III. What differences in the shape of the curve would be expected if the growth of an entire nlant 
pressed in terms of its dry weight? * 


were ex 


I\ • Suppose you wanted to test the effect of specific compounds on the elongation of the bean leaf when it is 
f d through the petiole. Judging from the curve you plotted abo\e, what day would you choose to start the 
experiment? Why? 
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NAME. 


SECTION. 


DATE. 


LOCKED NO. 


report: Experiment 4 

THE A VENA COLEOPTILE 
SECTION TEST 


CONCENTRATION OF AVERAGE SECTION AVERAGE CHANGE IN 
IAA LENGTH (iTHTl) LENGTH (mill) 


STANDARD 

DEVIATION 


STANDARD 

ERROR 


0 


0.01 


0.1 


1.0 


10.0 _ _ _ _ 

Unknown - - - - 

Plot the results of the above experiment on graph paper, showing on the abscissa the logarithm of IAA con¬ 
centration increasing to the right and on the ordinate the average change in length in millimeters in ere as 
ing upward. 


Average elongation per section in unknown solution_ 

Concentration of unknown_ 

Interpretation: I. Why did you remove the coleoptile tip for this experiment? 


II. What factors other than auxin are necessary for Acena section elongation? 
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III. Why is red light chosen for illumination in this experiment? 


IV. What part does sucrose play in cell elongation? 


V. After a comparison of standard errors, what can you say about the significance of the differences among 
the various treatments? 
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NAME. 


1) \ I I _ 


SECTION 


Ia>< ki H NO. 


report: Experiment 5 

PLANT TROPISMS 


A. Phototropism. 

Average angles of curvature: 

Croup 1_ 


Croup 2 
Croup 3 


Interpretation: I. W’liat is the role of auxin in the phototropic response of plants? Cive evidence derived from 
the experiment. 


II. IIow does unilateral light induce the phototropic response in the coh-optile? 
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B. Gcotropism. 


Diagram of Response 


DECAPITATED 


INTACT 


Interpretation: What can you conclude from this experiment concerning the mechanism of the geotropic 
sponse in roots? Support your conclusions with evidence from the experiment. 



name. 


DATE 


>ECT10N 


LOCKER NO. 


CONCENTRATION OF IAA 

(mg per liter) 

0 

1 

10 

20 

40 


report: Experiment 6 

colorimetric test for 

INDOLE ACETIC ACID 


COLORIMETER READING 

( light absorption ) 


Unknown 


Plot the above data on graph paper with the concentration of IAA increasing to the right on the abscissa and 
light absorption increasing upward along the vertical axis. 


Concentration of unknown- 

Interpretation: I. Would you expect the colorimetric test used in this experiment to be of practical value for 
the determination of auxin concentration in plant tissues? Why? 


i 
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II. \\ hat method of auxin assay would you choose in order to determine 
present in one gram of barley seed? Why? 


accurately the total amount of auxin 
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NAME. 


DATE_ 


SECTION 


LOCKER NO. 


report: Experiment / 

ROOT INITIATION 


Distilled 

Water 


Treatment 

Nutrient 

Solution 

Nutrient ~ 

Solution 0.1 mg/1 IAA 


Nutrient 

Solution 


4 " 

1.0 mg/1 IAA 


Average number of 
elongated roots per 
plant 

Average number of 
primordia per plant 

Average total number 
of roots per plant 


Average root length 
(mm) 


Comments 


Interpretation: I. What is the fundamental action of auxin in this experiment? 
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II. If auxin is required for root initiation, how can you account for the fact that treatments 1 and 2 produce 
lateral roots? 


III. Which auxin concentration is most effective in root initiation? Why? 


IV. What practical use is made of this action of auxin? 
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NAME. 


DATE 


SECTION 


LOCKER NO 


repokt: Experiment 8 

BUD INHIBITION AND APICAL 
DOMINANCE 


AVERAGE LENGTH OF AVERACE STEM 

axillary buds (mm) diameter (mm) 


Intact plants 

Decapitated lanolin-treated plants -- 

Decapitated lAA-lanolin-treated plants - - 

Interpretation: I. What two effects of auxin on plant form are demonstrated in this experiment? 


) 


II. Is the applied auxin as effective in causing bud inhibition as the shoot itself? 
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III. Of what significance is this t)pc ol bud inhibition in determining plant form? 


IV. What is pinching out, what effect does it have, and why is it done liorticulturally? 


V. Is the callus formation in this experiment a response to wounding? How do you know? 
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name: 


DATE 


SECTION 


LOCKED NO. 


Time 


Initial 


1 week 


2 weeks 


3 weeks 


Total increase 
in length 


Leaf Fair 
Number 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

9 


rs 

O 


1 

2 

3 


Average time in days for petiole abscission: 
IAA-treated_ 


report: Experiment 9 
AUXIN AND LEAF ABSCISSION 


Petiole Length in 

TREATED 


Millimeters 

UNTREATED 


Untreated_ 

Interpretation: I. What does auxin specifically inhibit in preventing leaf abscission? 


1S1 


report.* Experiment 9 

II. What other process besides leaf abscission does auxin control in the petiole? 


III. What is the relation between leaf position and petiole response to auxin? 


IV. Explain the results of this experiment and their significance for the interpretation of annual leaf fall. 
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NAME 


DATE 


SECTION 


LOCEER NO. 


Concentration 

of 2,4-D 
0 

0.001 

0.01 

0.1 

1.0 

10.0 


Average Hoot Length 
in Millimeters 


report: Experiment 10 
BIO-ASSAY FOR 2,4-D 


Standard 

Deviation 


Standard 

Error 


Unknown 


Plot the relation between root length and auxin concentration on graph paper 
centration increasing to the right along the abscissa and the average root 
upward along the ordinate. 


with the logarithm of 2,4-D con- 
length in millimeters increasing 


Interpretation: I. What general phenomenon concerning the effectiveness of auxin action in relation to concen¬ 
tration is illustrated by this experiment? 
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II. Of what importance is pH in this experiment? 


III. Why are you instructed to number your dishes rather than write the 2,4-D concentration on the dish? 


IV. Are the average root lengths for the lowest concentration of 2,4-D treatment significantly different from 
those in buffer alone as judged from the standard error of the difference of the means? 
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NAME 


DA It!_ 


SECTION 


LOCKER NO. 


repoht: Experiment 11 

THE SELECTIVE ACTION OF 
HERBICIDAL SYNTHETIC GROWTH- 
REGULATING SUBSTANCES 


1st week 


Observations 
2nd week 


3rd week 


Dinitro Compound 
Seed Lot A 


Seed Lot B 


2,4-D 

Seed Lot A 


Seed Lot B 


List the plants in their order of sensitivity to: 

1. Dinitro compound_ 

2. 2,4-D_ 




1&5 


report : Experiment 11 

Interpretation: I. In the growing of what general type of field crops is 2,4-D especially useful? 


II. Would you expect the dinitro herbicides to be as generally useful as 2,4-D? Why? 


III. What type of herbicide might be used to kill barley? 
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NAME-- DATE. 

SECTION_ LOCKER NO- 


report: Experiment 12 

INHIBITION OF PLANT DEVELOP¬ 
MENT BY MALEIC HYDRAZIDE 


NO TREATMENT MALEIC HYDRAZIDE TREATMENT 

Height of plant 
in centimeters 

Development of 
axillarv buds 

9 

Form of leaves 

Color and 
appearance of 
plants 

Interpretation: I. What specific practical uses might be made of maleic hydrazide in agriculture? 
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II. Why is this compound not classed as an auxin? 


III. In what ways does maleic hydrazide act as an auxin antagonist? 
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NAME 


DATE 


SECTION 


LOCKER NO. 


report: Experiment 13 
SEED DORMANCY 


TREATMENT % OF SEED GERMINATED 

A. Impervious Seed Coat. 

Seed coat uncut _ 

Seed coat cut _ 

B. Chemical Factors. 

1. Distilled water _ 

2. Coumarin (40 mg/1) __ 

3. Thiourea (0.5%) _ — 

C. Physical Factors. 

1. Red light __ 

2. Red light, near infrared rays __ 

3. Red light, near infrared rays, red light _ 

Interpretation: I. By what means is seed dormancy due to an impervious seed ooat overcome in nature? 
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II. What is known about natural chemical inhibitors of seed germination? 


III. Name other ways than those used in this experiment whereby seed germination may be induced 
dormant seeds. 


IV. What physiological processes occur during the initial stages of germination? 
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NAME. 


SECTION. 


DATE 


LOCKER NO.. 


report: Experiment 14 

TESTING FOR SEED GERM IN 
ABILITY 


Germination Test 
Batch A 


NUMBER OF SEEDS 
GERMINATED 


% GERMINATION 


DIAGRAM 


Batch B 


Tetrazolium Test 
Batch A 


Batch B 


Interpretation: I. What is the nature of the chemical reaction giving rise to the red complex? 
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II. Can you think of any other physiological test or procedures in w hich the properties of this dye might 
prove useful? 


III. Does a positive tetiazolium test necessarily mean that the seed will germinate if immediately planted? 
Explain. 
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NAME. 


DATE 


> 


SECTION 


LOCKER NO. 


report: Experiment 15 
POTATO BUD DORMANCY 


Weeks after treatments 2 4 6 8 10 12 


TREATMENT NUMBER OF DEVELOPING BUDS 

Thiourea - - - - 

Me-NAA _ _ _ _ 

Distilled H-O _ _ _ _ 

Comments: 


Interpretation: I. Were the potatoes used in the experiment actually in the dormant condition? How can 
you decide? 



II. Which treatment prevented bud sprouting? 
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III. Which treatment accelerated bud sprouting? 



report: Experiment 15 

I\ . Of what practical use is chemical control of dormancy in potatoes? 


V. Name some other plants in which hud dormancy is often an important agricultural problem. 


Vi. Why are seed potatoes cut into pieces each containing one eye? 
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NAME 


DA I h_ . 


SECTION 


l.CK KKK NO. 


report: Experiment 16 

PHOTOPERIODIC CONTROL OF 
FLOWERING 


Response 


(NAME OF PLANT) 


Natural day length® 


(NAME OK PLANT) 


Short day 


Long day 


# Natural day length:-hours of light and_hours of darkness. 

Interpretation: 1. Which plant is a long-day plant? 


II. Which plant is a short-day plant? 
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III. Of what practical significance is photoperiodism to man? 


IV. How could photoperiodism influence or determine the distribution throughout the world of different kinds 
plants? 
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NAME-- DATE 

W SECTION_LOCKER NO- 


A. Comparative Growth. 


report: Experiment 17 

THE MINERAL ELEMENTS ESSEN¬ 
TIAL FOR PLANT DEVELOPMENT 


Culture Length in Centimeters 

Two Weeks Four Weeks 




Cf 


Cf 




Cf 



X 


x 



X 


ROOT 

CONTROL 

SHOOT 

CONTROL 

ROOT 

CONTROL 

SHOOT 

CONTROL 

Complete (FeEDTA) 


100 


100 


100 


100 


Complete (FeCl 3 ) 

-Ca 

-S 


-Mg 


-K 

-N 



-Fe _ _ _ _ _ _ _ _ 

— Micronutrients _ _ _ _ _ _ 

Unknown _ _ _ _ _ _ 

B. Deficiency Symptoms. Describe the characteristic symptoms of each deficiency observed in the sun 
flower plant. 

Complete (FeEDTA): 
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report: Experiment 17 

Complete (FeCl 3 ): 
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NAME--DATE 

SECTION._LOCKER NO- 


report: Experiment 17 (cont) 

THE MINERAL ELEMENTS ESSEN¬ 
TIAL FOR PLANT DEVELOPMENT 





-Micronutrients: 


Unknown: 
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report: Experiment 17 (cont) 

C. Changes in pH. 


pH 

1st 2nd 3rd 4th 

INITIAL WEEK WEEK WEEK WEEK 

Complete (FeEDTA) _ _ _ _ _ 

— Nitrogen _ _ _ _ _ 

Interpretation: I. What was the unknown deficiency?---- 

How do you identify it? 


II. Rate the deficiency cultures in order of decreasing growth of roots and shoots. 
Root: 

Shoot: 
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NAME. 


DATE 


^ SECTION 


LOCKER NO. 


report: Experiment 17 (cont) 

THE MINERAL ELEMENTS ESSEN¬ 
TIAL FOR PLANT DEVELOPMENT 


III. To the absence of which micronutrient are the 


— micronutrient deficiency symptoms 


most likeh to be at¬ 


tributed? 


Explain. 


IN’. Explain the difference in the trend of the pi I between the complete and the — N cultures. 



V. Explain the differences in 
of iron. 


the growth and appearance of the two complete cultures with different sources 
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VI. Under what field conditions would nutrients be applied to the soil in the form of chelated complexes? 
Explain. 


VII. Is the present list of essential elements complete? Explain. 


VIII. What proportion of the dry weight and the fresh weight of a plant like tomato consists of nutrients ab¬ 
sorbed by the roots, exclusive of water? 
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NAME 


DATE 


SECTION 


LOCKER NO. 


report: Experiment 18 

MICRONUTRIENT ELEMENTS AND 
PLANT DEVELOPMENT 


A. The Effect of Boron on the Growth of Sunflower. 

Concentration of Boron 
(milligrams per liter) 

0 

% 

0.5 

1.0 


Average Height of Plants 
in Centimeters 

TWO WEEKS FOUR WEEKS 



10.0 


20.0 

30.0 


Unknown 


Plot the above data on graph paper; show two curves, one for two-week-old plants and a second for four- 
week-old plants, using the same coordinates. Boron concentration should be shown increasing to the rmht 
on the abscissa and the average height of plants in centimeters increasing upward on the ordinate. 


What is the boron concentration of the unknown? 
B. Symptoms. 

1. Describe the effect of boron deficiency. 


% 


2. Describe the effect of boron toxicity. 



report: Experiment 18 

Interpretation: I. What are the characteristics of a micronutrient element? 


II. List the presently known micronutrient elements. 


III. What deficiencies of micronutrient elements occur in the field? 


IV. 


Do problems caused by toxicity of micronutrient 


elements arise in the field? Explain with examples. 



V. What is the probable function of micronutrient elements in the plant? 
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NAME 


DATE 


^ SECTION 


LOCKER NO. 


report: Experiment 19 

FOLIAR APPLICATION OF MINERAL 
NUTRIENTS 


Interpretation: I. Describe the response of the 
reference to nature, speed, and completeness of 


iron-deficient plant to spraying with iron solution, with 
response. 



il. Describe the response of the nitrogen-deficient plants to spraying with urea. 



205 


report: Experiment 19 

III. Under what field conditions would nutrients be supplied to plants in the form of foliar sprays? Explain 


IV. Is urea of importance as a commercial fertilizer? Discuss. 

< 
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DAI L_ 


SECTION 


LOCKER NO. 


he port: Experiment 20 

THE DETERMINATION OF pH AND 
PLANT BUFFER SYSTEMS 


A. Colorimetric Determination of pH. 



Indicator Used 


Tap water -- --—— 

Distilled water --- 

_juice -- 

Unknown -- 

Interpretation: I. Explain how the indicator bromthymol blue undergoes a change in color with change in pH 


II. Why is the pH of distilled water not 7.0? 


III. What natural pH indicators occur in plant cells, and what are their colors at different pH values? 
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IV. How may the pH of the medium affect the mineral nutrition of plants? 


B. Buffers and the Use of the pH Meter. Plot the results of your titration on graph paper in the form of two 
titration curves, using a single coordinate axis. Show pH increasing from 2 to 12 vertically upward along 
the ordinate. At the midpoint of the abscissa place a zero, and indicate milliliters of alkali added increasing 
to the right of the zero along the abscissa and milliters of acid added increasing to the left of the zero along 
the abscissa. 


Fill in the following table by calculation from the information provided or obtainable from the titration 
curve. 


Acid Dissociation Constant pK 

Hvdrochloric _ _ 

Acetic _ _ 

Phosphoric _ _ 

Carbonic - - 

Unknown - - 

What acid is the unknown?_ 

Interpretation: I. How would you prepare a 0.1M solution with maximum buffering capacity against both 
acid and base at pH 6.8? at pH 4.7? Use the reagents listed in part B above. 


n. What is the normal pH of blood? How acid and how alkaline can the blood Decome before serious ad 
verse effects are evident? 


* 


* 


20.8 



SAME 


DATE 


SECTION 


LOCK Eli NO. 


report: Experiment 21 
SOIL COLLOIDS 


A. Brownian Movement in Soil Colloids. Interpretation: I. What causes the random motion of the particles? 


II. What is the name of the traction of soil consisting of colloidal particles? 


111. What are the principal chemical types of soil colloids, and how do they originate? 


IV. Of what significance to the mineral nutrition of plants are these soil colloids? 
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B. Hydrophilic and Hydrophobic Colloids 

Presence or Absence of Precipitate 

Arsenious Sulfide 

Treatment Gum Acacia Sol Suspension 

TUBE 1 TUBE 1 

Add alcohol first _ _ 

Add A1C1 3 _ _ 


TUBE 2 TUBE 2 

Add AICI3 first _ _ 

Add alcohol _ _ 

Interpretation: I. Explain the difference in behavior between the two colloids. 


II. Classify as cither hydrophilic or hydrophobic each of the following: clay, humus, protoplasm. 


III. What is the relation between the charge on soil colloids and the leaching or nonleaching of essential nutri 
ent ions from the soil? 


IV. Explain the effects of the addition of Ca+ + and Na+ on the physical structure of soils. 
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REPORT: 


NAME__ _ " VI t 

SECTION._LOCKER NO- 


Experiment 22 

ADSORPTION 


TREATMENT 

Methylene blue 

Methylene blue washed 
Indigo carmine 

Indigo carmine washed 
Eosinate of methylene blue 

Eosinate of methylene blue washed 
Interpretation: I. Explain the observed behavior of 


OBSERVATIONS 

Distance moved by water- 

Distance moved by dye- 

Remain fast?_Washed awav? 

w 

Distance moved bv water_ 

* 

Distance moved by dye_ 

Remain fast?_Washed away?. 

Which moved more rapidly?_ 

Which remained fast?_ 

Which washed awav?_ 

0 

ach dye. 
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II. What electrically charged systems occur in biological materials in which adsorption phenomena play an 
important role? : 


III. In what way is the cation exchange capacity of a soil related to its fertility? 


IV. Under what circumstances would adsorbed ions in the soil be lost from the soil? 
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SOLUTION DISTANCE DIFFUSED 

2*1 CuS0 4 at 23°C - 

20^ CuS0 4 at 23°C _ 

Methylene blue at 15°C _ 

Methylene blue at 25°C _ 

Eosin B (MW 624) _ 

Erythrosin (MW 880) _ 

Methyl orange (MW 327) _ 

Methylene blue (MW 320) _ 

Congo red (colloidal) _ 


TheQ 10 of diffusion is (show calculation)_ 

Plot a curve showing the relation between molecular weight and diffusion rate, with molecular weight in 
creasing to the right on the abscissa and distance diffused in cm increasing upward along the ordinate. 

Interpretation: I. What is the mechanism of diffusion? 
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,L an U dT 3 V^l reS , UltS ’ h f T* C . rate ° f diffuSi ° n Vari6S With < 1 ) concentration of solute, (2) temperature 
and (3) molecular weight of diffusing material. Explain each of these relation.hi™ 


III. In what ways are absorption of soil nutrients, photosynthesis, respiration, and transpiration dependent 
upon the process of diffusion? 


IV. Are any processes within cells dependent upon diffusion rates within the cells themselves? Explain 
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name 


DATE 


SECI ION_LOCKER NO- 

A. Effect of Heat 

TREATMENT 

Untreated 
Heated at 45 C 
Heated at 50 C 
Heated at 55 "C 
Heated at 60'C 
Heated at 65°C 
Heated at 70 C 

B. Effect of Freezing 
Untreated 
Frozen 

C. Effect of Organic Solvents 

Distilled water 

30* methyl alcohol 
Saturated benzene solution 

Interpretation: I. What does the result of part A indicate? 


report: Experiment 24 
PERMEABILITY 


COLORIMETER READING 


II. How does heat alter the permeability? 
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III. Explain the results with the frozen slice. 


IV. What is the effect of methanol on cell permeability? What is the mode of its action? 


V. What is the relation between molecular size and membrane permeability? 


VI. What is the relation between the relative hydrophilic and hydrophobic character of molecules and mem¬ 
brane permeability? 


» 
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name— 

SECTION 


DATE_ 


LOCKER NO. 


> 

Show all calculations: 

X. Mg of Cl equivalent to 1 ml of AgNO ;1 solution. 


report: Experiment 25 

TIIE ACCUMULATION OF 
CHLORIDE 


2. Mg of Cl per ml of unknown. 


3. Mg of Cl per ml of Xitella sap. 

1 


4. Mg of Cl per ml of pond water. 


5. Accumulation ratio. 
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Interpretation: I. Why is it impossible to account for the results of this experiment by simple diffusion? 


II. Why is there no accumulation of ions by plant cells if they are deprived of oxygen? 


Ill What is the mechanism of ion accumulation? 


IV. Of what significance is ion accumulation (in contrast to entry 
tioning of the plant? 


of ions into cells by diffusion) to the func- 
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NAME_-_DATE 

SECTION._ LOCK EH NO- 


report: Experiment 26 

THE GROWTH OF EXCISED ROOTS 
IN A NUTRIENT CULTURE 


NUMBER OF ROOTS AVERAGE ROOT AVERACE NUMBER OF 

TYPE OF CULTURE MEASURED LENGTH (mm) LATERALS PER ROOT 

1st week: Primary roots __ 

0 " “ ^ 


2nd week: Primary roots 

* 


2nd week: Lateral roots on 

segments __ __ _ 

3rd week: Primary roots _ __ 

3rd week: Lateral roots on 

segments _ ____ 

Interpretation: I. Do the primary root tips elongate at the same rate over each weekly interval? 



H. Compare the rates of elongation of the primary roots and the lateral roots for the second and third weeks. 
Do lateral roots develop as well as primary root tips? 


III. Do your data support the conclusion that the 
roots? Explain. 


medium used is a complete nutrient medium for tomato 



r 
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f 


report: Experiment 26 

I 




\ 

♦ 


IV. Describe briefly how roots of intact tomato plants in the soil obtain the different groups of nutrients in 
eluded in the medium for growing the isolated roots. 









» 









•• t - v: i 

4 






>ri riJ r.« 
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DETERMINATION OF THE OSMOTIC 
PRESSURE OF CELL SAP 

CELLS NOT PERCENTAGE OF 

» SOLUTION CELLS PLASMOLVZED PLASMOLYZED CELLS PLASMOLYZED 

0.28 M _ _ _ 

0.26M _ _ _ 

0.24 M _ _ _ 

0.22M _ __ ' _ 

0.20M __ _ 

0.18M _ _ __ 

0.16M _ _ 

0.14M _ _ _ 

Plot the above data on graph paper with the molar concentration of the solution increasing to the right along 
the abscissa and the percentage of cells plasmolyzed increasing upward along the ordinate 

Calculation of the OP: 

• # • i • • * 

Interpretation: I. Is the OP that you have determined the true OP of the cells? 
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II. Why is sucrose, instead of Nad, used as the plasmolyzing agent? 


III. With what force will distilled water tend to enter the cells of the strip that is 50% plasmolyzed? 


(V. After the 50% plasmolyzed strip has been in distilled water for an hour or more, with what force will 
the water be entering the cells? 


V. Why does the procedure used in this experiment determine the OP of the sap rather than the DPD? 


/ 

t 
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NAME 


DATE 


SECTION 


LOCKER NO. 


report: Experiment 28 

DETERMINATION OF THE DIF¬ 
FUSION PRESSURE DEFICIT OF 
CELLS 


Solution 


Tissue 

INITIAL WEIGHT FINAL WEIGHT CHANGE IN WEIGHT 


Distilled H 2 0 
0.15M sucrose 

0.20M 

0.25M 

0.30M 

0.35M 

0.40M 


0.45 M _ _ _ 

0.50.N1 _ _ _ 

0.55N1 _ _ _ 

0.60M _ _ _ 

Plot the above data on graph paper with the molar concentration of sucrose increasing to the right along 
the abscissa and the change of weight in grams increasing upward along the ordinate. 


Calculation of the DPD: 


Interpretation: I. What is the difference between the measurement made in this experiment and that made 
in the previous experiment? 
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(I. Is the OP of the potato tissues more than, less than, 


o 


III. How can the TP of a tissue be determined? 


equal to the DPD? Explain. 
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name 


DA TEL 


SECTION 


LOCKER NO_ 


report: Experiment 29 

OSMOTIC EFFECT OF NUTRIENT 
SALT CONCENTRATION ON WATER 
ABSORPTION AND PLANT GROWTH 


Solution 

Shoots 

Condition 

Water Used 


ORICINAL FINAL INCREASE IN 

AFTER 2 

AFTER 1 



LENGTH (CM) LENGTH (CM ) LENGTH (CM) 

DAYS 

WEEK 

ML 


0.01M CaCl, _ _ _ 

0.02 M _ _ _ 

0.03M _ _ _ 

0.05M _ _ _ 

0.10M _ _ _ 

0.20M _ _ _ 

Distilled HoO _ _ _ 

Interpretation: I. Why did some of the plants wilt? 


II. How does a water deficiency interfere with growth? 
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HI. In what land of soils are there likely to be osmotic effects such as those illustrated here? Explain. 
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NAME 


DATE 


SECTION 


LOCkLER NO. 


report: Experiment 30 

ROOT PRESSURE AND XYLEM 
EXUDATION 


A. Hoot Pressure. 

TIME ELAPSED ( HOURS ) 


HEIGHT OF COLUMN 

( CM ) 


0 


TIME ELAPSED (HOURS) 


HEIGHT OF COLUMN 
(CM) 


Maximum column height attained:- 

Atmospheres of pressure at maximum height:- 

Plot the above data on graph paper with time in hours increasing to the right along the abscissa and 
height of column in centimeters increasing vertically upward along the ordinate. 

Interpretation: I. Does the height of the liquid remain constant for the period of time observed? How does 
it vary? 




What happens when NaCl is added to the soil? Why? 


III. What is root pressure? Explain the origin of the force pushing up the column of liquid. 
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IV. What role does the force of root pressure play in the movement of water in plants? 


B. Xylem Exudation. 


VOLUME OF EXUDATION 


First period,_hours 

Second period,._hours 

Total exudation 

Average rate of exudation per hour 

Interpretation: I. What is the relation between root pressure and xylem exudation? 


II. Is the rate of flow of exudate constant? 


III. What is the relation between the xylem exudation studied here and guttation? 
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NAME—^ 
SECTION. 


Name of Plant 



DATE 


LOCKER NO. 


Time for Color 

Total 

Change (Min) 

Leaf 


Area 

Epidermis 


LOWER UPPER 

(Mm 2 ) 
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RELATIVE RATES OF WATER-VATOR 
LOSS FROM LEAVES OF VARIOUS 
PLANTS 


Number of Stomata 


Upper Epidermis 

PER 

PER MM 2 LEAF 


Lower Epidermis 

PER 

PER MM 2 LEAF 




4. 

5. 

6. 

Interpretation: I. Do all plants lose water vapor at the same rate? Cite your evidence. 


II. Is the rate of water-vapor loss from the upper epidermis the same as that from the lower epidermis? 
Explain. 
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III. What correlations are evident in the above data? 


IV. Compare this method of measuring transpiration with that used in Exp 32. 


V”. What criticisms can you make of this method? 
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THE EFFECT OF ENVIRONMENTAL 
FACTORS ON THE RATE OF 
TRANSPIRATION 


Name of plant 


CONDITION 


MM OF WATER TRANSPIRED PER MINUTE 


Laboratory Av 

Fan Av 

Lights Av. 

Lights, less all but 12 leaves _ _ _ Av. 

Lights, upper surfaces Vaselined _ _ _ Av. 

Lights, both surfaces Vaselined _ _ _ Av. 


Interpretation: I. If the shoot had roots, how might they affect the results of the experiment? 


II. What is the natiue of the forces causing the water to move through the potometer and up into the plants? 


231 


report: Experiment 32 

HI. Explain the effect on the rate of transpiration of each condition tested above. 
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THE TISSUE OF TRANSPORT OF 
WATER 


PHLOEM OPEN 


XYLEM OPEN 


Diagram of 
set-up: 


Cross-section 
diagram of 
treatment: 


Water used (ml): 

Condition after 
1st lab period: 


2nd lab period: 


Interpretation: I. In what tissue did the water move? Cite evidence. 
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II. What forces were active in moving the water up the shoot? 
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SECTION. 


DATE. 


l.OCKER NO.. 
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THE WATER CONTENT OF SOILS 


A. Wafer Coafenf of Soils as a Percentage of Dry W eight 


SOIL 


WT OF CAN 
+ PAPER 


WT OF CAN 
+ WET 
SOIL 


WT OF CAN 
+ DRY 
SOIL 


WT OF WATER WT OF DRY 


LOST 


SOIL 


WT OF WATER WATER AS 


PER CRAM OF 


% OF 


DRY SOIL SOIL DRY WT 


Sand 


Clav 


Loam 


Peat 


B. The Permanent Wilting Percentage of a Soil. Enter the data from the experiment on determining the perma 
nent wilting percentage under the same column headings as in part A above: 


Sandy 
Loam 
at PWP 


The permanent wilting percentage is- 

Interpretation: I. How would you go about making an accurate determination of the field capacity? 
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II. A small amount of water is added to the top of a well-packed column of air-dry soil. After this water has 
come to equilibrium within the soil, where will it be found and in what amounts? 


III. What factors affect the amount of water available to the plant over the range between the field capacity 
and the permanent wilting percentage of the soil? 


IV. Why do all plants permanently wilt at about the same DPD of the soil water? 



SAME-— 


SECTION. 


I> vi l 


LOCKER NO. 


lu-.i’oiu : Experiment 35 

the colloidal nature of 

PROTOPLASM 


A. Tyndall Effect. Interpretation: I. What difference between a colloidal system and a crystalloid solution is 
demonstrated by the Tyndall effect? 


II. What are the dimensions of colloidal particles? 

B. Brownian Movement. Of what significance is Brownian movement in the metabolic activity of the intact 
cell? 

C. Precipitation of Hydrophilic Sols. 

TREATMENT 

1. Control 

2. Boiled 

3. Frozen 

4. Sucrose added, frozen 

5. 95^ ethvl alcohol 

0 

6. Saturated with ammonium sulfate 
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Interpretation: I. What compounds in the cabbage juice respond in the treatments above by precipitating? 


II. What use is made of the procedure of “salting out” with ammonium sulfate in the study of plant proteins? 


III. Do extreme temperatures (hot or cold) affect plant proteins in their natural site within the plant? 


D. Dialysis of a Colloidal Suspension. 

Interpretation: I. Does the colloidal material pass through the dialyzing membrane? 


II. Do crystalloidal solutions pass through the membrane? 


III. What use is made of the difference in behavior between these two systems? 
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Tube No. 


MINUTES: 
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ENZYMATIC SYNTHESIS OF STARCH 
BY PHOSPHOR YLASE 


Starch Test ( + or — ) 

0 3 6 9 12 15 IS 21 


1 

2 

3 

4 
4 


+ 

Test for reducing sugar 


Interpretation: I. Write the chemical equation of the reaction. 


II. What is the source of energy for this synthetic reaction? 


III. In what way does the activity of this enzyme differ from that of the amylases? 
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IV. Why must the potato juice be used immediately aflci extraction? 


! 


I 
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THE EFFECT OF ENZYME CONCEN¬ 
TRATION ON THE REACTION RATE 
OF AMYLASE 


ENZYME CONCENTRATION AS PERCENTAGE OF MAXIMUM 

0 25 50 75 100 

Colorimeter 

Reading 

(Light Absorption) _ _ _ _ _ 

Graph the above data, showing enzyme concentration increasing to the right on the abscissa and light absorp¬ 
tion increasing upward along the ordinate. 


Interpretation: I. Write the chemical equation showing complete hydrolysis of starch to glucose. 


II. What can you conclude from this experiment concerning the effect of the enzyme concentration on the rate 
of the enzyme reaction? 
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LOCKER NO. 
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SUGAR-STARCH INTERCONVER¬ 
SIONS IN LEAVES 


A. Starch Storage in Leaves. Starch present or absent: geranium-; iris 

Interpretation: I. From what is starch synthesized in the leaf? 


II. What may be the storage form of carbohydrate in leaves that do not make starch? 


B. Interconversion of Sugars. 

TREATMENT STARCH PRESENT OR ABSENT 

Control __ 

Sucrose 

Glucose __ 

Fructose __ 

Water 

Interpretation: I. What do the results indicate as to the enzyme systems in the leaves? 


” gr C een le“f e ^ diUr " a ' VariaH<>nS ° f **“ “"a* 0 " ° f ^rch, sucrose, fructose, and glucose in a typical 


> 
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III. Of what fundamental importance are these rapid interconversions among the carbohydrates in the metab¬ 
olism of the plant? 


C. The Translocation of Carbohydrates. Indicate the relative intensity of the starch test (from + + + for strong 
purple coloration down to 0 coloration) in each set of leaves or leaflets: 

Intensity of Starch Test 

INITIAL 2 DAYS 7 DAYS 

Petioles untreated: - - - 

Petioles steamed: - - -— 

Interpretation: I. In what form is carbohydrate translocated from the leaf? 


II. What is the pathway for the movement of these organic solutes? 
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THE HYDROLYTIC ENZYME 
INVERTASE 


Interpretation: I. What are the products formed by the enzymatic hydrolysis of sucrose by invertase? Write the 
reaction. 


II. What is the nature of the heating effect on the enzyme? 


III. Write the chemical reaction resulting from the treatment of reducing sugars with Benedict’s solution. 


IV. How is sucrose synthesized in plants? 
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TESTS FOR PENTOSE SUGARS 
IN PLANT TISSUES 


Bial's Test 

POSITIVE NEGATIVE 


Benzidine Test 

POSITIVE NEGATIVE 


Glucose - - 

Xylose -- 

Violet-leaf extract -- — 

Interpretation: I. In what form do the pentose sugars usually occur in plant tissues? 


II. Why were violet leaves used as a source of pentose? 


III. Why is it necessary to treat the powdered violet leaves with acid? 
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PATE. 


NAME— 
SECriON 


LOCKER NO. 
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CELL-WALL SUBSTANCES 


A. The Structural Carbohydrate: Cellulose 

Benedict Test 


Result (Positive or Negative) 
Scliwanoff Test 


Bial’s Test 


Glucose -—-- 

Fructose - - - 

Sucrose - - -- 

Xylose - - - 

Cold acid extract__ _ 

Hot acid extract _ _ _ 

Interpretation: I. From your results, what can you state concerning the building units of which cellulose is 
constructed? 


II. What is the action of hot acid on cellulose? 


III. Represent the chemical structure of the cellulose molecule, showing the glycosidic linkage. 


IV. What cells or cellular components are composed of cellulose? 
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Lignin. Interpretation: I. What plant tissues of the stem show lignifieation? 


II. What is the physical-chemical relationship between lignin and cellulose in the plant cell wall? 


\ 


C. Pectin. 


Result (Positive or Negative) 
Benzidine Test HCI Treatment 

Solution A, hydrolyzed Not Tested- 

Solution B, unhydrolvzed -—- 

Interpretation: I. Where in plant tissues do the pectic compounds occur? 


CaCh Treatment 


II. What is the chemical nature of the pectic compounds that occur in plant tissues? 


III. What are the relative solubilities in water of protopectin. 


pectin, pectic acid, and calcium pectate? 
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Data: 
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DETERMINATION OF THE RESPIRA¬ 
TORY QUOTIENT OF PLANT TISSUES 


Va = 


Da = 


Da 

13 


Pa = — = 


Vt = 


(Vt - Va) (760 - Pa) 
760 


Va' = Vt - V' = 


V" = 


_ (Vt — Vb)(760 — Pb) 

760 


Vb' = total 0 2 uptake = Vt - V" = 


Absolute CO. produced = Vb' - Va' = 


™ Vb' - Va' CO,> 

R Q - — v =157 = 


Vb = 


Db = 


Pb = 


Db 

13 


'"SSISeS' SUbStriU6 being rCSPired ^ tiSSUeS VOU 


your 


% 
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II. Of what value is an RQ determination in the study o the respiratory activities of plant tissues? 


HI. Assuming complete respiration, what would be the RQ with the organic acid C.HcO^ as the substrate? 
with the fat tv acid C, Show equation and calculations. 

m 
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THE EFFECT OF TEMPERATURE ON 
THE RATE OF AEROBIC RESPIRA¬ 
TION 


Average Number of 

Temperature ml of IICl 

5°C _ 

20 °C _ 

25°C 


35 °C 


Plot the above data on graph paper with the temperature in degrees centigrade increasing to the right 

along the abscissa and the average number of milliliters of HC1 equivalent to CO,, respired increasing up¬ 
ward along the ordinate. * 


Interpretation: I. What is the @ 10 of the aerobic respiration of germinating pea seeds? 



II. Write the over-all equation, including the free-energy change for aerobic respiration of gl 


ucose. 


HI. What is the precipitate formed when the BaCl 2 is added? Write the equation. 
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IV. Compare the Qi 0 determined in this experiment with that found for diffusion in Experiment 23. Account 
for the difference. 
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Time in Colorimeter Readings (Light Absorption) 

Minutes tube 1 tube 2 tube 3 tube 4 


0 - - - - 

15 - - - - 

30 _ _ _ _ 

45 _ _ _ _ 

60 _ _ _-_ _ 

Plot the above data in a single graph showing four separate curves, one for each tube. Along the abscissa 
show time in minutes increasing to the right, and along the ordinate show the colorimeter readings increas¬ 
ing upward. 

Interpretation: I. Diagram the sequence of reactions involved in the transfer of hydrogen from succinic acid 
to its ultimate combination with molecular oxygen to form water. Indicate the enzymes catalyzing each 
step. 
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II. How is AgN0 3 effective in inhibition in this sequence? What other steps in the Krebs cycle would it 
inhibit? 


III. In what other step in the Krebs cycle would malonic acid be effective as an inhibitor? Why? 


IV. Why is the above reaction carried out in vacuo? 
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A. Cytochrome and Cytochrome Oxidase. 
Test for Cytochrome Oxidase: 
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TERMINAL OXIDASES 


POSITIVE 


NEGATIVE 


1. Nadi reagent + enzyme - - 

2. Nadi reagent + enzyme + KCN - - 

3. Nadi reagent + enzyme + NaN s - - 

Absorption spectrum of cytochrome c: 

Interpretation: I. Diagram the sequence of reactions in which the cytochrome system is ultimately oxidized 
by molecular oxygen. Show the enzymes catalyzing these reactions. 



II. At which step in this sequence is the Nadi reagent oxidized? 
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III. Which step is inhibited by KCN? 


IV. Why is cytochrome oxidase called a “terminal oxidase”? 


B. Polyphenol Oxidase. Interpretation: I. Of what significance is this system in the metabolism of healthy and 
injured plant tissues? 


II. Does the enzyme function as a terminal oxidase in aerobic respiration? 
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THE EFFECT OF pH ON 
CATALASE ACTIVITY 


pH 

3.6 

4.2 


Volume of 0 2 Produced in Milliliters 

INDIVIDUAL TEST CLASS TEST 


4.8 _ _ 

5.4 _ _ 

6.0 _ _ 

6.6 _ _ 

7.2 _ _ 

7.8 _ _ 

8.4 _ _ 

9.0 _ _ 

PI o t A th fi ab °'f data 0,1 graph papeF With pH along the abs c»ssa starting at 3.6 and increasing to the right to 
9.0. Along the vertical axis with numbers increasing upward, plot the volume of oxygen produced in millili- 
ters. Show your individual test and the class test as separate curves. 


pH optimum for catalase activity 


Interpretation: I. What is the role of catalase in plant tissues? 
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TI Does hydrogen peroxide occur naturally in plant tissues? How is it formed? 


I 

t 

I • 

ill. Is there any similarity between the response of catalase activity to pH and the effect of pH on proteins? 
Explain. 
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ALCOHOLIC FERMENTATION BY 
YEAST 


Interpretation: I. What gas was formed during the fermentation? Write the equation for the reaction of the 
• • % « * % * 


alkali with the gas. 


II. What substance in the filtrate resulted in the iodoform odor and crystals? Write the reaction. 


III. Write the over-all equations for normal alcoholic fermentation and the fermentation in the presence of 
bisulfite. 


IV. Name other kinds of fermentation carried out by microorganisms. 
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NITRIFICATION BY SOIL MICRO¬ 
ORGANISMS 


Test Reagent 


FIRST 

PORTION 


Result ( + or — ) 
(Nili ) 2 SOi Leaching 

SECOND THIRD 

PORTION PORTION 


Final Water Leaching 


Nessler’s -- - - - 

Sulfanilic acid - - - - 

Diphenylamine 

sulfate - - - - 

Interpretation: I. Explain the appearance of nitrate in the leachate at the beginning of the experiment and 
at the end of the experiment. 


II. Why is nitrate the principal form in which plants obtain their nitrogen even though the process of decay 
supplies the inorganic nitrogen to the soil initially as ammonia? 
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til. Under what conditions do plants use other forms of inorganic nitrogen? 


IV. What organisms can use gaseous N 2 ? 


V. What organisms normally use organic N? 


VI. How would you prove that the nitrate observed above came from the action of microorganisms? 


VII. What nutritional advantage is there in the increasing practice 
gaseous NII.j into the soil? 


of fertilizing fields by injecting 


anhydrous 
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NITROGEN SUPPLY TO THE PLAN! 


SECTION 


LOCKER NO. 



Number of weeks after transplanting 
46 hr after treatment 


before petioles showed negative test for nitrate: 


Test for Nitrate Test for Protein 

(SCORE FROM + + + TO —) 


Plant 1 (added NO t “) -— 

Plant 2 (minus NO.f) - 

Plant 3 (added NII 4 1 ) -- 

7 days after treatment 

Plant 1 - 

Plant 2 - 

Plant 3 - 

Interpretation: I. Where in the tomato plant does nitrate reduction occur? 



II. Write the probable sequence in the reduction of nitrate to the amino form in plant tissues. 
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Ill. What is the source of energy for the reduction of nitrate? 


IV. Would you expect nitrate or ammonium nitrogen to be more rapidly incorporated into plant proteins? 
Why? 


✓ 
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PAPER CHROMATOGRAPHY OF 
AMINO ACIDS 


Attach here with Scotch tape at the upper cor¬ 
ners your chromatogram, with the name of each 
spot written on it. The color has to be recorded 
and the spots outlined in pencil because the 
spots fade with time. 


Interpretation: I. What is the basic principle of the method of paper chromatography? 



II. How could you make the method quantitative? 



267 



report: Experiment 50 

Itl- hat is the merit of this method of analysis? 

J 


IV. What other substances can be detected by paper chromatography? 





NAME. 


DATE 
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LOCKER NO. 
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THE CHEMICAL NATURE 
OF PROTEINS 


Solution 


Chemical Test (+ or —) 

BIURET MILLON TRYPTOPHAN N1TROPRUSSIDE 


Tyrosine - - - - 

# 

Tryptophan - - - - 

Cvsteine IIC1 - - - - 

Gelatin - - - - 

Bean-meal extract _ _ _ _ 

Unknown _ _ _ _ 

Interpretation: 1. What can you conclude from the above tests concerning the protein nature of gelatin? of 
bean-meal extract? 


II. Which of the above tests is the best “protein test"? Why? 
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III* What was the chemical nature of your unknown? Give reasons for your answer. 
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THE EFFECTS OF OXIDIZING 
AGENTS, REDUCING AGENTS, 
AND HEAT ON THE ACTIVITY 
OF PAPAIN 


Ml of NaOH 

Reagent for Titration 

Water, unincubated (blank) _ 

Water, incubated _ 

Water, incubated (boiled enzyme) _ 

0.001 M Na.-S __ 

0.01 M H 2 0 2 _ 

Interpretation: 1. What evidence concerning the chemical nature of the active group of the enzyme is derived 
from this experiment? 


Ml of NaOH Used 
minus Blank 


II. What effect does boiling have on the enzyme? Why? 


III. Write the chemical reaction showing “formaldehyde titration." 
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IV. What is the probable chemical reaction in the enzyme activation? in the inactivation? 


. « ! J .. 






» 
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i 
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FAT HYDROLYSIS: THE ENZYME 
LIPASE 


Treatment 


Ml of KOH A// of KOH 

less Blank 


No enzyme - 

Enzyme, boiled - 

Enzyme, not boiled -" 

Interpretation: I. Write the generalized chemical equation for the reaction catalyzed by lipase. 


II. What kind of substance is titrated in this experiment? 


III. From what respiratory intermediates are the components of a fat synthesized? 
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IV. What is the physiological function of fat in seeds? 
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LIGHT DISTANCE 
(INCHES) 

6 

12 

24 

48 


RELATIVE 
LIGHT INTENSITY 

100 
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THE EFFECT OF TEMPERATURE 
AND LIGHT INTENSITY ON THE 
RATE OF PHOTOSYNTHESIS 


Gas Evolved in Millimeters of Scale 
Reading per Unit Time 
(Average of Three Determinations) 


20°C 


30°C 


Plot the above data on graph paper, showing two curves, one for each temperature. On the abscissa plot 
relative light intensity, with the highest intensity, 100, arbitrarily set at the extreme right. Show light inten¬ 
sity decreasing to the left toward the zero point of the abscissa. Plot gas evolved per unit time in milli¬ 
meters of the scale reading along the ordinate. 

Qi 0 : temperature-limited,_; light-limited,- 


y Interpretation: I. Using your data, show at what distances light intensity was limiting photosynthesis. 


II. How do the results indicate the multiple-reaction nature of photosynthesis? 
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III. Is there any evidence that C0 2 became limiting at any time during your experiments? Explain 




* 


• * 


• * 




\ 






\ 
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THE CHLOROPLAST PIGMENTS 


A. Chemical Separation. Fill in each box of the chart below, listing the pigments and solvent. For each step, 
explain briefly why the procedure makes the pigment separation possible. 


Procedure 



Acetone ( I) 



Petroleum Ether (2) 

I 



Methyl Alcohol (3) 
1 - 



Etlivl Ether (4) 
1 


■ 

Methyl Alcoholic 
KOI I (6) 

I 



Water 


Explanation 


Step 1: 


Step 2 


Step 3: 



Step 4: 


Step 5 


Step 6. 
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B. Absorption Spectra. 

1. Chlorophyll a 


2. Chlorophyll b 


3. Carotene 


4. Xanthophyll 


5. Action spectrum (inside front cover) 


6. Visible spectrum (complete) 



Interpretation: I. What do the dark bands in the spectroscope indicate? 


II. How does the spectroscope work? 


in. With which absorption spectrum does the action spectrum most closely agree? What does this indicate as 
to the pigments active in photosynthesis? 


C. Pigment Fluorescence. 


Appearance and Color 
transmitted light reflected light 



Chlorophyll a 
Chlorophyll b 
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SEPARATION OF THE CHLORO- 
PLAST PIGMENTS BY ADSORPTION 
CHROMATOGRAPHY 


Drawing of pigment separation in magnesium oxide column: 



Interpretation: I. In what ways does adsorption chromatography, as used in this experiment, differ from 
bon chromatography, as illustrated by paper chromatography? 


parti- 
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II. How could this procedure be used to achieve physical separation of the different pigments? What are frac¬ 
tion collectors? 


III. Why is a mixture of solvents used to “develop” the column? 


NAME 


DATE 


SECTION 
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dye reduction by illuminated 

C H LO ItOP LAST S 


A. Isolated eldoroplasts . 


Time in Minutes 

0 


Colorimeter Readings ( Light Absorption ) 

TUBE 1 TUBE 2 TUBE 3 



30 

45 

60 


Plot the above (lata on graph paper, showing three separate curves one for each tube, 
show time in minutes increasing to the right; show colorimeter readings increasing 
ordinate 


Along the abscissa 
upward along the 


B. Drawing of plastids: 


) 


Interpretation: I. What conclusions can you reach from the results of your experiment? 


i 
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II. What is the source of the hydrogen that reduces the dye in this experiment? 


III. What is the Hill reaction? Write the equation, showing all components of the system. 


IV. What is the relation between the Hill reaction and the over-all reaction of photosynthesis in the intact 
green plant? 
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